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Preface

This textbook is written for an introductory, or beginning, course in
differential equations. It is more concise than most textbooks at this level.
The reason is that most books are encyclopedic, and this enables them
to also be used in more advanced courses. The approach taken here is to
concentrate on the intended audience, and leave the additional material to
textbooks written explicitly for the more advanced, or specialized, courses
(and there are some very good ones available). It should also be pointed
out that the greater length means that they are more expensive.

One of the principal objectives of the text is fairly simple, and it
is, given a differential equation, find the solution. Most of the text is
dedicated to doing exactly this. The reason there is more than one chapter
is that the way you solve the equation depends on what type of equation
it is. A second important objective is to be able to determine the basic
geometrical properties of the solution, and to be able to do this from the
differential equation. This is important because real-world problems often
involve equations that are difficult to solve, or you can solve them but the
formula for the solution is complicated. In such cases, to be able to infer
the basic properties of the solution directly from the differential equation
is invaluable. If you want an example of what this means, read Section
2.4.

There are students, even very good ones, who do not read a lot of
what is written in a mathematics textbook. If you are one of them, here
are some tips. First, any text that is in bold font, make sure you read
what it says. As a second tip, the table below is a listing of the 10 most
often used words or phrases in the text related to differential equations.
Given that there are only about 230 pages of text, these words are used
a lot. Make sure, when the word or phrase is first used, that you know
what it means.

The prerequisites for this text vary with the chapter. The basic re-
quirement is calculus, and it is essential that this includes integration
rules such as integration by parts and partial fractions. The material re-
quiring the calculus of vector-valued functions is in Chapters 4 and 5, and
at the end of Chapter 6. These chapters also require an understanding
of a few of the elementary properties of matrices, and a short summary
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Word or Expression Used
solution(s) 840
differential equation(s) 270
linear /nonlinear 220
steady state 220
stable/unstable/stability 205
eigenvalue(s) 160
general solution 185
homogeneous/inhomogeneous 110
initial value problem/IVP 105
initial condition(s) 105

Table 1. Approzimate number of times the word, or phrase, is used in this textbook.

of what you need to know is given in Appendix A. It is not necessary to
have taken a course in matrix algebra. However, there is a fundamental
connection between differential equations and linear algebra, and this con-
nection is used throughout this textbook. The material is written so it is
self-contained, so a previous course in linear algebra is not necessary. You
will see comments, such as “if you recall from linear algebra,” which are
used to indicate where the connections are, but the material required for
differential equations is then written out explicitly. Occasionally there
are facts, or results, from linear algebra that are needed and they are
stated without proof. This is also done with other topics, and in such
cases references are often given where you can find out more about the
subject.

A computer, or computer software, are not required anywhere in this
text. There are, however, a small number of exercises that require you to
evaluate a mathematical expression using a calculator.

There is a web-page for the text, and it is reachable via the author’s
GitHub repository (github.com/HolmesRPI/IntroDiffEqgs). It includes
plots needed for some of the exercises, videos, and, assuming there are
any, a listing of the typos.

I would like to thank Peter Kramer for numerous, very useful, sugges-
tions on how to improve the text. Also, as usual, I would like to thank
those who developed and have maintained TeXShop, a free and very good
TeX previewer.

Mark H. Holmes

Department of Mathematical Sciences
Rensselaer Polytechnic Institute
June, 2023



Chapter 1

Introduction

We begin with a question: why are most students who are majoring
in engineering or science required to take an entire course dedicated to
something called differential equations?

We’ll start to answer this by giving a couple of examples where they
arise, and this will also provide an opportunity to introduce some of the
terminology used in the subject.

Example 1: Rate Laws

These describe the fluctuations, or changes, in something. The something
in this case could be the concentration of a chemical, a population of
animals, or perhaps the temperature of an object. As a simple example,
a radioactive isotope is unstable, and will decay by emitting a particle,
transforming into another isotope. The assumption usually used to model
such situations is that the rate of decrease in the amount of radioactive
isotope is proportional to the amount currently present. To translate this
into mathematical terms, let N(¢) designate the amount of the radioactive
material present at time t. In this case we obtain the rate equation

dN

% = —k'N, fOI' 0< t, (11)
where k is a positive constant. This is a differential equation for N.
Usually one knows the amount Ny of the isotope at the beginning, which
gives us the requirement that

N(0) = No. (1.2)

Introduction to Differential Equations, M. H. Holmes, 2023



2 Chapter 1. Introduction

This is known as an initial condition. Together, (1.1) and (1.2) form
what is called an initial value problem (IVP). N

Example 2: Mechanics

One of the biggest generators of differential equations is Newton’s second
law, which states that F' = ma. Any situation, electrical, mechanical or
otherwise, involving non-static forces will almost inevitability result in
having to solve a differential equation. To illustrate, consider the simple
case of dropping an object off a building. If x(¢) is the distance of the
object from the ground, then its velocity is v = 2/(t), and its acceleration
is a = 2”(t). If the forces on the object are gravity F, = —mg, and air
resistance F;. = —cv, then I’ = F,;+ F,.. Together, these expressions result
in the following differential equation for z(t):

d*z dx
P T A [ | (1.3)

m dt.

The differential equations in (1.1) and (1.3) have a few things in com-
mon, such as there is one independent variable, t, and one dependent vari-
able, N and z. There are also differences, and an example is that (1.3)
involves the second derivative and (1.1) only involves the first derivative.

It is important to be able to recognize these differences as they are often
used in this textbook to determine how to solve the problem.

1.1 = Terminology for Differential Equations

Problems involving differential equations can involve a single equation,
or several equations. They can also have one independent variable, or
several. There are other differences, and to help illustrate some of the
possibilities we will use the following examples.

d? d
Example 1: ﬁg — Qd—Z + 4ty =0 Example 2: g:: — 22‘: =3
d
Example 3: —u:u+v+1
dt
Dt
= Ut

Dependent variable(s): This is the variable(s) being solved for.

Example 1: y Example 2: u Example 3: v and v
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Independent variable(s): These are usually time (¢) and/or space (z).

Example 1: ¢ Example 2: x and ¢ Example 3: ¢

Order: The order of the highest derivative in the equation (or equations).

Example 1: second-order Example 2: first-order
Example 3: first-order

Linear or Nonlinear: A differential equation is linear if it is a linear
expression of the dependent variable and its derivatives, otherwise
it is nonlinear.

Example 1: linear Example 2: nonlinear (because of the u?)
Example 3: linear

ODE or PDE: If there is one independent variable, then it is an ordi-
nary differential equation (ODE). If there is more than one inde-
pendent variable, then it is a partial differential equation (PDE).

Example 1: ODE Example 2: PDE Example 3: ODEs

Homogeneous or Inhomogeneous: A linear differential equation is
homogeneous if the identically zero function is a solution. Oth-
erwise, it is inhomogeneous.

Example 1: homogeneous since y = 0 is a solution
Example 2: inapplicable since the equation is not linear

Example 3: inhomogeneous since uv = 0 and v = 0 is not a solution

1.2 « Solutions and Non-Solutions of Differential Equations

One of the central questions of this textbook is how to find the solution
of a differential equation. The examples below are about the reverse
situation, where a function is given and the question is whether it is a
solution of a particular differential equation.

Example 1: Show that y = te=? is a solution of 3/ = —2y + e~ 2.
Answer: Since
Yy =e 2 —2te™ = (1 —2t)e %,
—2y+e =2+ e =(1-2t)e ?,

it follows that 3/ = —2y + e~% (i.e., y is a solution). M



Chapter 1. Introduction

Tt

Example 2: For what value(s) of r and ¢, if any, is y = ce™ a solution

of the IVP: ¢/ +y = 0, where y(0) = 37

Answer: Since 3y’ = rce’, then from the differential equation we
require that rce’ + ce™ = 0. This can be written as (r + 1)ce’ = 0.
Given that e is never zero, we conclude that either ¢ = 0 or else
r = —1. From the initial condition y(0) = 3, we need ¢ = 3, and so
this means that r=—-1. N

rt

Example 3: For what value(s) of r, if any, is y = €™ a solution of the

equation y” —y' — 6y = 07

Answer: Since y' = re™, and y"” = r2e", then from the differential
equation we require that (r2 —r— 6)e = 0. Given that e is never
zero, we conclude that r2 —r —6 = 0. Solving this, we get that r = 3
and r = —2 are the only values for which y = e" is a solution. W

rt

Example 4: For what value(s) of r and ¢, if any, is y = €"* a solution of

Y =2y

Answer: Since 3y’ = re’, then from the differential equation we
require that re™ = 2e%*. Given that e is never zero, we need
r = 2e?"t. The left hand side is constant. The only way to have
the right hand side a constant is to take » = 0. In this case, the
differential equation becomes 0 = 2. This is not possible, and so the
answer is that no values result in a solution. M

Exercises

1. Show that the given function y(t) is a solution of the given differential
equation.

a) y=e -1, ¢y =2y+2 e) y=e +1, vy +2¢y — 3y = -3
b) y=te, y+y=et ) y=1t, v+y*=0

c) y=cos(3t), y'=—9y g) y=tan(5t+1), 3y =1+y
d) y=e* y'+y —12y=0 h) y=I(1+¢*), y =2e?

rt

2. For what value(s) of r, if any, is y = €"* a solution of the differential

equation?

a) Y =2y f) v —4y' +4y =0
b) 3y =y g) Y +y +y=e?
o)y =y+1 h)y—3y+y—1
d) v"+4y =0 i) y ——2y

e) 2y +5y —3y = i)y
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3. For what value of r and ¢ is y = ce" a solution of the IVP?

a) ¥y =-2y, y(0)=1 d) y—y=0, y(0)=-1
b) ¢y +y=0, y(0)=-1 e) by’ =2y, y(0)=-7
c) 3y —y=0, y(0)=3 f) ¥ +4y =0, y(0)=3

4. The following are linear and homogeneous first-order differential equa-

tions. The given function y;(t) is a solution, and you are to show that
1y = cy is a solution for any value of the constant c.

a) Yy =2, y=¢e* o) Yy —4dy=0, y =e"

b) ¥y +y=0, yr1=e" d) 3y =y, wy1=¢el3

. The following are linear and homogeneous second-order differential

equations. The given functions y;(t) and ya () are solutions, and you
are to show that y = c1y1 + coyo is a solution for any value of the
constants ¢; and cs.

a) y" =3y +2y =0, c) ¥y +y' =0,
yr=¢* yy=c¢ yr=e =1
b) vy —y —2y=0, d) v+ 2y +5y=0,

2t

y1=¢7, y2:e_t

y1 = e cos(2t)
Yo = e sin(2t)

Important Conclusion: Problems 4 and 5 are demonstrations of the
fact that if y;(¢) and ya(t) are solutions of a linear and homogeneous
differential equation, then c1y;(t) 4 coy2(t) is a solution of the equation
for any value of ¢; and co. This is known as the principle of super-
position, and it holds for all linear homogeneous differential equations
(ODEs or PDEs). Moreover, as demonstrated in the following exercise,
this does not (usually) hold for a nonlinear differential equation.

. Both yi(¢) and ya(t) are solutions of the given nonlinear differential

equation. Show that (i) y = c1y1(¢) is not a solution unless ¢; = 1,
and (ii) y = c1y1 + c2y2 is not a solution if ¢; and ¢ are both nonzero.

a) ¥y =t/(1+y), b) ¥ =V1+y,
yr=—1+t, yp=—-1-1 y1=gt2+t, yp =312 +2t+3

. Fill out the table on the next page. Assume that any constants in the

equation(s) are nonzero. Also, in the last column, the answer Inap-
plicable (IA) is possible. Reference for Schrodinger’s equation image:
Eigler [2020].
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Chapter 2

First-Order Equations

This chapter concerns solving differential equations of the form

W _ tty),

dt

where f(t,y) and the partial derivative f,(t,y) are continuous. There
are no known analytical methods that can solve the general version of
this problem. Consequently, assumptions have to be made on f(¢,y) to
be able to derive a solution. The two more useful assumptions are that
f(t,y) is separable and the other is that it is linear. Both are considered
in this chapter. The fact is, however, that for many real world problems
it is not possible to solve the differential equation by hand. Consequently,
the ability to determine the properties of the solution, without actually
solving the problem, becomes essential. What this entails is introduced
in Section 2.4.

2.1 = Separable Equations

To introduce this method we begin by considering the differential equation

dy 2

— = 3y”°. 2.1

=Y (2.1)
We are going to treat the derivative as if it were a fraction, and rewrite
the above equation as

d

%Y — 3at. (2.2)
Y

So, the variables have been separated in the sense that all of the y terms

are on the left hand side, and the ¢ terms are on the right. We now

Introduction to Differential Equations, M. H. Holmes, 2023



8 Chapter 2. First-Order Equations

integrate both sides, which gives

d
/g—/zadt.
Y

Carrying out the integrations, and including the usual integration con-
stant, we have

1
—— =3t+c. (2.3)
)
Solving this for y, we obtain the solution
1
=— . 2.4
M T (2:4)

The last step is to check on whether the separation of variables step might
involve dividing by zero. This happens for (2.2) when y = 0. Moreover,
the constant function y = 0 is a solution of (2.1), and it is not included
n (2.4). Consequently, another solution of the differential equation is

y=0. (2.5)

The method used to solve (2.1) is rather simple, but it contains the
questionable step of splitting the derivative to obtain (2.2). To explain

why this is possible, note that (2.1) can be written as y_mc% = 3. Using

the chain rule, this can be written as —%(y‘l) = 3. Integrating this
equation yields (2.3). So, the splitting the derivative step is effectively a

compact version of using the chain rule.

2.1.1 = General Version

To explain how the method can be used for other problems, suppose the
differential equation to solve is
dy

o = J (&) (2.6)

The method requires that it is possible to find a factorization of the form
f(t,y) = F(t)G(y). This means that it is possible to write the differential
equation as

dy
— =F(t . 2.
U~ F(1)G(y) (27)
Separating variables gives
dy
—Z_ = F(t)dt,
G(y) ©

and integrating we get
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In theory, you carry out the above integrations, and then solve for y.
How difficult this might be depends on how complicated the y integral
is, and the examples that follow illustrate some of the complications that
can arise. It is also important to note that the above method requires
that G(y) # 0. Consequently, in addition to the solutions that come from
(2.8), you must include as solutions any constant that satisfies G(y) = 0.

Example 1: Find all solutions, obtained using separation of variables,

of 4y = —y3.

Answer: Since f(t,y) = —1y®, we can take F(t) = ; and G(y) =

—3. So, (2.8) becomes
dy 1
— [ == [ —dt.
/ y? / 4

Integrating gives us

! 1 t+
- == C
202 4 ’
which is rewritten as )
v = :
t+ 4c

From this we obtain the two solutions

(2.9)

To check on the G(y) = 0 solutions, solving G(y) = 0 gives y = 0.
This constant function is not included in the above expressions for
1, so it is a third solution of the equation. W

Example 2: Find the solution of the IVP: 4y = —3, where y(0) = —3.

Answer: The three solutions of the differential equation were de-
rived in the previous example. Because the initial condition requires
the solution to be negative, the solution we need is

Setting y = —3 and ¢ = 0 in this equation gives 3 = 1/v/2¢, which
means that ¢ = 1/18. Therefore, the solution is
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Example 3: Is 3/ +y =t a separable equation?

Answer: No. For this equation, f(¢,y) = t—y, and it is not possible
to factor this as f(t,y) = F(t)G(y). How to solve this equation is
explained in the next section. W

dw T

E le 4: Solve — = ———
xample olve - =7 o
Answer: In this problem the independent variable is z and the
dependent variable is w. Separating variables, so (1 + w)dw = zdx,

and then integrating gives

/(1 +w)dw = /a:dm.

Carrying out the integrations we get that

, where w(0) = —2.

1
2 2
w+ -w=-z° +c
2 2
To satisfy the initial condition, substitute w = —2 and « = 0 into
the above equation, from which we get that ¢ = 0. This leaves
w + %wQ = %ZL'Q, or equivalently, w? + 2w — 22 = 0. This is a

quadratic equation in w, and solving it we get the two solutions
w=—-1++v1+ 22

The initial condition is needed to determine which sign to use, and
since w(0) = —2 then we need the minus sign. Therefore, the solu-
tion of the IVP isw=—-1—-+v1+22. N

Y
Example 5: Solve y/ = ——2—, where y(0) = 1.
P y Tty y(0)

Answer: Separating variables yields
1
ﬂdy = —dt.
)

Since (14 vy)/y = 1/y + 1, and y(0) > 0, then integrating we get
that
y+Iny=—t+c

It is not possible to solve this for y as in the previous examples,
without resorting to more advanced mathematical methods. For
this reason, this is an example of what is called an implicit solu-
tion, and they are very common when solving nonlinear differential
equations. Even so, it is still possible to find ¢ from the initial con-
dition. Substituting y = 1 and ¢t = 0 into the above equation we get
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that ¢ = 1. Therefore, the solution of the IVP is defined implicitly
through the equation

y+ny=—t+1. W (2.10)

A few comments need to be made about separation of variables before
ending this section.

Integration Constant: The integration constant plays an essential role
in the solution of a differential equation. It is useful to be aware that
there are different ways you can write it. As an example, instead of
(2.9), you can write the solution as

Y=V iy

where ¢ = 4c. Similarly, if the solution is found to be

_3t—20+4
 t+2c—4"

you can write it as
3t—c
= — 2.11

YT hve (2.11)
where ¢ = 2c — 4. For both of these examples, the solution contains
one undetermined constant, just as in the original version of each
solution. It should also be mentioned that this simplification is often
used when giving the answers to the exercises. Moreover, instead of

(2.11), the answer will likely be written as

_3t—c
y= t+c’

Linear or Nonlinear: The method works on linear and nonlinear first-
order differential equations. However, it does not work on every
linear or nonlinear equation.

Non-uniqueness of Factorization: The factorization f(t,y) = F(t)G(y)
is not unique. For example, for f(t,y) = y + ty you can take
F(t) = 1+t and G(y) = y. You can also take F(t) = 1(1+¢)
and G(y) = 2y. It makes no difference which one you use, it is just
required that f(¢,y) = F(t)G(y). Any such factorization will lead,
eventually, to the same, or an equivalent, solution of the differential
equation.
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Ezxistence and Uniqueness: When solving an IVP there is always the
question of whether there is a solution (existence), or whether there
is more than one solution (uniqueness). As it turns out, there are
problems that have no solution (see Exercise 6(a)), or have multiple
solutions (see Exercise 6(b)). It is possible to guarantee a unique
solution by augmenting the continuity assumption we have made
on f(t,y) and fy(t,y). The formal statement of the requirements,
and the conclusions, are contained in what is known as the Picard-
Lindel6f theorem. This is beyond the purview of this text, but it
can be found in most upper-division textbooks on ODEs.

Exercises

1. Find all of the solutions, obtained using separation of variables, of the
given differential equation.

a) y = —3y* f) (1+t)y =—e¥ k) 2y =y>—6y+9
b) y =yl g) y = —etW D 3y =y*+1

c) y +y?sint=0  h) y =-2Y m) y +te¥ =te Y
d) 2y =t/(y—=3) )y +(1+3y)°’=0 n)y —e¥=

o)y =—2+t)e! )y =y"+dyt+4 o)y =tly+1/y)

2. Find the solution of the IVP.

a) ¥ = =3y° y(0) =5 g) ¥ =1+cos(y), y(0)=m/2

b) ¥ =-2y% y(0)=0 b =5y y(0) =1

3 Ei:te)?;y_f; y_ z(oy)(:)i Y ye =1, y(0)=1

O Y — 1, y(0) =1 D)y =1/ e, y(0) =0

D y=5r y(0)=0 9 = V4 (0 =0
2+y int: v >

3. Find the solution of the IVP. In these problems, the independent vari-
able is not ¢t and the dependent variable is not y.

dz

a) - =—T¢% q(0) =1 e) (I+e™)-+2" =0, 2(0) =6
b) % = —4p3, p(0) =0 f) 42—1: =73 2 | w(0)=0

c) 3%:2+h, h(0) = 2 g) (0+1)3 ;le r?, r(0) =2
Q) %:fﬂ—i&h, ho)=2 b %— ffr, r(0) = 0
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4. Find the solution of the IVP in implicit form.

1 1+y
/:1 — 0:1 /:7 0:5
a) y +y,y() )y 2er,y()
3 dp eP
b) y=——, y(0)=-1 d) = = 0) =2
VY =1, 0 ) =11 PO
hl ]
o
§
>
0 L
-L 0 L
X-axis

Figure 2.1. Cable hanging between two poles, as described in Exercise 5.

5. A cable is hung between two poles as illustrated in Figure 2.1. The
poles are located at * = —L and x = L, and each has height h.
The curve y(z) minimizes the cable’s potential energy. From this, one
obtains the equation

d? d
a y =4/1+ (—y

2
@ daj) s fOI' —L<x<L,

where a is a positive constant. Because of the symmetry in the prob-

lem, 3/(0) = 0.

a) Letting w(z) = y/(x), rewrite the differential equation as a first-
order equation involving w and w’. Also, what is w(0)?

b) Solve the problem in part (a) for w.

¢) Integrate y/'(z) = w(zx), and use the condition y(L) = h, to deter-
mine y(x). The solution you are finding is an example of what is
called a catenary.

6. The following illustrate some of the complications that can arise when
solving differential equations.

a) Consider the IVP: ty’ = y + 1, where y(0) = 1. Try solving this

and show that there is no solution (at least when using separation
of variables).

b) Show that there are an infinite number of solutions of ty/ = y + 1,
where y(0) = —1.

¢) Solve y' = %y:}, where y(0) = 1. Explain why there is no solution
for t > 1. This is known as finite blowup.



14 Chapter 2. First-Order Equations

2.2 « Integrating Factor

The equation to be solved is

Y +p(t)y = g(t). (2.12)

What is important here is that this equation is linear, as well as first-
order. Also, our earlier assumption that f(¢,y) and the partial derivative
fy(t,y) are continuous reduces to the assumption that p(t) and g(t) are
continuous for t > 0.

The solution will be derived using two formulas from calculus. The
first is the product rule, which states that

4
dt

The second is the Fundamental Theorem of Calculus, which states that if

(ny) = p(@)y'(t) + 1 )y(t). (2.13)

%(uy) =q(t),
then .
wy = /0 q(s)ds + c. (2.14)

The first step is the observation that the left hand side of (2.12) re-
sembles the right hand side of (2.13). To make it so they are exactly the
same we need to multiply the differential equation by p(t), which gives us

1y’ + ppy = pg. (2.15)
What we need, to get this to work, is that p must be such that
1= pu. (2.16)
It will make the formula for the solution a bit simpler if we require
w(0) = 1. (2.17)

The differential equation (2.16) is separable, and one finds that the solu-
tion that satisfies (2.17) is

u(t) = eloprdr, (2.18)

With this choice for p, the differential equation for y in (2.15) can be
written as d

7 1) = pg. (2.19)

From (2.14) we get that

py = /0 p(s)g(s)ds + ¢,
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where c is the usual integration constant. The solution of (2.12) is there-
fore

y(t) = uét) [ /0 C$)g(s)ds + c]. (2.20)

The function p(t), which is given in (2.18), is said to be an integrating
factor for the original differential equation.

There are two important special cases to mention. First, suppose that
the problem has an initial condition, say y(0) = yo. Since p(0) = 1, then
from (2.20) the solution of the resulting IVP is

)=t | [ n(s)a(e)ds + o) (2.21)

Po)

The second special case arises for the homogeneous equation y'+p(t)y = 0.
Setting g = 0 in (2.20), gives us the solution

y(t) = ce~ Jop()dr, (2.22)
If y(0) = yo, then the resulting solution is

y(t) = yoe Jo PO (2.23)

Example 1: Solve y + 3y = €.

Answer: Since p = 3, then

t t
/ p(r)dr —/ 3dr = 3t.
0 0
2t

From (2.18), the integrating factor is u = e3'. So, since g(t) = e*,
then from (2.20),

t ¢
y(t) = e 3 {/ e e ds + c] =e ¥ [/ ePds + c} :
0 0

Carrying out the integration,

t
+ c] =3t |:1€5t ! + c]

5

1
t — -3t - 5s
ylt) = e [ “lizo 5° 5

Lo | 3
= —e ce ",
5 +

where ¢ = ¢ — 1/5 is an arbitrary constant. W
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Example 2: Solve 2y’ — ty = 6, where y(0) = 5.

Answer: Since p = —t/2, then from (2.18), = e /4. Given that
g = 3, then from (2.21) we have

t
y(t) = et*/4 [/ 3¢5 /1ds + 5] .
0

The integral in the above expression can not be written in terms of
elementary functions, and so that is the final answer. W

Example 3: Solve ;Z—h — 4h = 2z, where h(0) = —1.
z

Answer: In this problem the independent variable is z and the
dependent variable is h. The formula for the solution can still be
used, we just need to make the appropriate substitutions. Since

p = —4, then
/ p(r)dr :/ —4dr = —4z.
0 0

From (2.18), the integrating factor is u = e~*%. So, since g(z) = 2z,

then from (2.21),
h(z) = e** [/ 2se 15 ds — 1}
0
1
= —§(4z +1)— ge4z. [ |

2.2.1 = General and Particular Solutions

We have shown that the solution of the linear differential equation

Y +p(t)y = g(t), (2.24)

y(#) = Mgt) [/Otu(s)g(s)ds + c]. (2.25)

Any, and all, solutions of (2.24) are included in this formula, and for this

reason (2.25) is said to be the general solution.
A useful observation about (2.25) is that it can be written as

y(t) = yp(t) + yn(D), (2.26)

where

wlt) = = [ n(s)ao)is (2.27)
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nd ¢ Jo p(r)d
_ = — [+ p(r)dr
yn(t) = O ce” Jo . (2.28)
The formulas for y, and y;, are not important here. What is important is
that y, is a solution of the differential equation (2.24). It does not contain
the arbitrary constant, and for this reason it is said to be a particular
solution. In contrast, the function yp(¢), which contains an arbitrary
constant, is a solution of the differential equation

y + p(t)y = 0. (2.29)

This is the homogeneous equation coming from (2.24). Consequently,
yn(t) is said to be the general solution of the associated homoge-
neous equation.

Example 4: In Example 1 we found that the general solution is

1
y(t) = 562t +ce 3,
where ¢ is an arbitrary constant. In this case, a particular solution
isy, = %e%, and the general solution of the associated homogeneous
equation is y, = ce 3. W

The observation in the previous paragraph that the general solution
can be written as the sum of a particular solution and the general solution
of the associated homogeneous equation holds for all linear differential
equations (not just those that are first-order). Because we are able to de-
rive a formula for the solution, which is given in (2.25), this observation
is not really needed to solve first-order linear differential equations. How-
ever, for second-order equations, which will be studied in the next chapter,
this observation serves a fundamental role in finding the solution.

2.2.2 « Interesting But Tangentially Useful Topics

The following topics are worth knowing about. However, you can skip this
material, if you wish, as it is not required to solve any of the problems in
this chapter.

Method of Undetermined Coefficients

Most first-order linear differential equations that arise in applications have
constant coefficients, which means that they can be written as

v +ay = g(t), (2.30)

where a is a constant. Examples are 3/ + 3y = 5 and v/ — 2y = 3. It
is likely that the Instructor for your course can solve these in their head,
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and they simply write down the solution. You should not be impressed,
thinking they are using (2.25) to do this. Rather, they are using the
method of undetermined coefficients. This method is explained in Section
3.7 for second-order equations, but it works on first-order equations as
well. The reason it is easier is that it avoids having to integrate anything,
and you therefore do not need to remember integration rules to find the
solution. If you want to pursue this idea a bit more, after reading Section
3.7, you should look at Exercise 5 on page 61.

Connections with Linear Algebra

For those who have taken a course in linear algebra, there is a connec-
tion between that subject and linear differential equations that is worth
knowing about. To explain, a central problem in linear algebra is to solve
Ax = b, where A is a m X n matrix. It’s possible to prove that if there
is a solution of this equation, then it has the form x = x, + x;,, where
X, is a particular solution and xj is the general solution of the associated
homogeneous equation Ax = 0. This is basically the same statement we
made for the solution of the linear differential equation (2.24). The key
property these equations have in common is that they are both linear. A
consequence of this is that the principle of superposition can be used (see
page 5) when solving the associated homogeneous equation. We will make
use of this fact in every chapter of this textbook, except for Chapter 5.
This illustrates the beauty, and profundity, of mathematical abstraction.
Namely, it is possible to make rather significant conclusions about the so-
lution of an equation, irrespective of whether it is algebraic or differential,
simply from the basic properties these equations have in common.

Exercises

1. Find the general solution of the given differential equation.

a) ¥ +3y=0 e) (3t+2)y' + 3y = sin(4t) + 5
b) y —2y=t ) 2+t)y +y=1

c) 4y —y=6+2t gy —3y=1+1t

d) ¥ =—y+2e -1 h) 2y +y =15

2. Find the solution of the IVP.
a)y —y=4, y0)=-1 d) 2y =y+3et—4, y(0
b) ¥ 4+ 4y =24t, y(0)=0 e) b+t)y +y=-1, y(0
c) 5y’ +y =0, y(0) =2 f) 3y +ty=-2, y(0)=0

= —
Il
(NI
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3. Find the solution of the IVP. In these problems, the independent vari-
able is not ¢ and the dependent variable is not y.

dz

d
a) Dyog=a, q0)=-1 d) L =ar4+1+7, 20)=0

dz dr
dp dh _ _ _
b)%+4p:—8x, p(0) =0 e) (a:—l—?)dm—kh— 1, h(0) =2
dw o _ dh _ -
c) 25 —w=3e", w0)=0 f) (524—1)@4—5}1 =3,h(0)=—-1

4. Find a particular solution, and the general solution to the associated
homogeneous equation, of the following differential equations.

a) Yy —2y==6 c) Ty —y=¢e*+3
b) v +y=3e""t d) vy +2y=1

5. Find the value of yy so that the solution of the IVP is bounded as
t — oo.

a) ¥ —y =1+ 5cos(2t), where y(0) = yo
b) v’ — 3y =sint + 3 cost, where y(0) = yp

6. A Maxwell viscoelastic material is one for which the stress T'(t) and
the strain-rate r(t) satisfy
ar

T—|—7‘$:mr,

where 7 and k are positive constants. By solving this equation for T,
and assuming Ty = 7'(0), show that

t
T =Toe V7™ + £ / eI/ (s)ds.
T Jo

7. The Bernoulli equation is v’ = p(t)w + ¢(t)w™, which is nonlinear if
n # 0,1. What is significant is that it can be solved by making the
substitution w = y*/=™) which results in a linear equation for y(t).
This was discovered by Leibniz, although it is not clear he was aware
of the solution (2.20) for a linear equation [Parker, 2013].

a) If w' = w — 5w3, where w(0) = 1, what IVP does y satisfy?

b) Solve the IVP for y, and then transform back to determine the
function w.

¢) One of Bernoulli’s brothers solved the Bernoulli equation by as-
suming that w(t) = wu(t)v(t), where u satisfies v = pu, for
u(0) = 1. Use this method to solve w' = w — 5w?, where
w(0) = 1. This approach is the precursor to what is now known
as the method of variation of parameters.
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2.3 = Modeling

The principal objective of the examples to follow is to show how a dif-
ferential equation is the mathematical consequence of the assumptions
about a physical system.

2.3.1 = Mixing

Typical mixing problems involve a continuously stirred tank, as illustrated
in Figure 2.2. As an example, suppose that water, containing salt, is
flowing into a well-stirred tank. At the same time, the mixture in the
tank is flowing out. The goal is to determine how much salt is in the tank

as a function of t.

Figure 2.2. Schematic of a continuous stirred tank.

The quantities of interest in this problem are:

Q(t): This is the amount of salt in the tank at time ¢. If the volume of
water in the tank is V', and c is the concentration of salt in the water,
then @ = cV.

R;n: This is the rate that salt is flowing into the tank. If the incoming
volumetric flow rate is Fj,, and ¢;, is the concentration of salt in the
incoming water, then R;, = c;in Fin.

Rgye: This is the rate that salt is flowing out of the tank. If the outgoing
volumetric flow rate is Fyyt, then Royr = cFout.

If the initial amount of salt in the tank is Q)g, then the resulting IVP for
Q is:
dQ
5, = Rzn - Rou )
dt !
Q(0) = Qo.
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Example 1

Suppose that salt water, containing 1/2 lbs of salt per gal, is poured into
a tank at 2 gal/min. Also, the water flows out of the tank at the same
rate. If the tank starts out with 100 gal of water, with 10 lbs of salt per
gal, find a formula for the total amount of salt in the tank.

Setup
inflow: Since Fy, = 2, and ¢;, = 1/2, then Ry, = 1.

outflow: Since the mixture flows out at 2 gal/min, then the volume of
water in the tank stays at 100 gal. Also, since F,;; = 2 and ¢ =
Q/100, then Ry = 75Q.

t = 0: Given that at the start there are 10 1bs of salt per gal, Q(0) = 1000.

The resulting IVP for @ is:

Q 1
=1 5@ (2.31)
Q(0) = 1000. (2.32)

Note that because of the way the variables have been defined, @ is mea-
sured in pounds and ¢ is measured in minutes.

Solution

Using separation of variables, or the integrating factor solution (2.21),
one finds that Q(t) = 50 4 950e~4/%0.

Question: What is the eventual concentration of salt in the tank?

Answer using solution: Since limy_,o, Q(t) = 50, then the eventual con-
centration is 50/V = 1 Ibs/gal.

Answer using physical reasoning: The concentration in the tank will even-
tually be the same as the concentration for the incoming flow, and
so the answer is 1 Ibs/gal.

Answer using math reasoning: It is possible to determine the eventual
concentration directly from the differential equation, without know-
ing the solution. How this is done is explained in Section 2.4 (also,
see Exercise 6 in that section). W

Example 2

Salt water, containing 3 lbs of salt per gal, flows into a 50 gal drum at 2
gal/sec. If the drum initially contains 10 gal of pure water, find a formula
for @) as a function of ¢.
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Comments about this problem: There is no outflow, so the volume of
water will increase. However, it’s a 50 gal drum, so eventually it will fill
and start running over. When this occurs there is outflow, at a rate equal
to the incoming rate. To account for this, the problem needs to be split
into two phases, one where the volume is increasing, and the second when
it is a constant.

Solution

Phase 1: In this case, R;, = 6, Ryt = 0, and Q(0) = 0. The resulting
IVP is

dQ
E—E;
Q) =0

The solution is Q(t) = 6t. Also, the volume of water in the tank is
V =10+ 2t. So, this solution for @) holds for V' < 50, which means that
t < 20.

Phase 2: As before, R;, = 6. For the outflow, the rate is 2 gal/sec and
the concentration in the outflow is @)/50. This means that Re, = Q/25.
Now, this phase starts at ¢ = 20, and the amount of salt in the tank at
the start is 120 (this comes from the solution for Phase 1). This means
that the problem to solve is

dQ 1

— =6—-— for 2

7 6 25@, or 20 < t,
Q(20) = 120.

What is different about this problem is the time interval, which is not the
usual 0 < t. However, this does not interfere with our solution methods,
and the solution can be found using an integrating factor or separation of
variables. One finds that the general solution of the differential equation
is

Q(t) =150 + Ae~t/%,
From the requirement that Q(20) = 120 it follows that A = —30e*/.
The Solution: Combining the Phase 1 and Phase 2 solutions, we get
6t if 0<t<20,
(t) = (20-1)/25
150 — 30e it 20<¢ M

2.3.2 =« Newton’s Second Law

Suppose an object with mass m is moving along the z-axis. Letting
x(t) be its position, then its velocity is v = %, and its acceleration is
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ZQTQI = %. If the object is acted on by a force F', then from Newton’s

second law, which states that F' = ma, we have that

v
dt
What sort of differential equation this might be depends on how F' de-

pends on v. Once (2.33) is solved for v, then the position is determined
by integrating the equation

a =

F (2.33)

dx

T (2.34)
Typically, the initial velocity v(0) and initial position z(0) are given,
and these are used to determine the integration constants obtained when
solving the problem.

Vertical Motion

The object is assumed to be moving vertically, either up or down (see Fig-
ure 2.3). In this case, z(t) is the distance of the object from the ground.
It is also assumed that it is acted on by gravity, F,, and a drag force, Fy.
Consequently, the total force is F' = F,;+ F;. As for what these forces are:

Gravitational force: Assuming the gravitational field is uniform, then
F, = —mg, where g is the gravitational acceleration constant. The minus
sign is because the force is in the downward direction.

Drag force: As long as the object is not moving very fast, the drag is
proportional to the velocity (see Exercise 10). In this case, F; = —cv,
where ¢ is a positive constant. The minus sign is because the force is in
the opposite direction to the direction of motion (so, Fy points upward if
the object is falling).

Units and Values: In the exercises, the value to use for g is usually stated.
If it is not given, then you should leave g unevaluated. Whatever value is

used, it is only approximate. If a more physically realistic value is needed,
then you should probably use the Somigliana equation. Finally, weight

t Fd

g
g &
&5
i

x(t) F

Figure 2.3. Forces on a falling object.
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is a force, so for an object that weighs w 1bs, its mass can be determined
from the equation w = mg.

Example: Suppose a ball with a mass of 2kg is dropped, from rest,
from a height of 1000 m. Assume that the forces acting on the object are
gravity, and a drag force due to air resistance, with ¢ = %kg/ s. Assume
that g = 10m/s%.

Question 1: What is the resulting IVP for v, and what problem must be

solved to find x?
Answer: Since F' = Fy+ F; = —mg —cv, where m =2 and ¢ = 1/2,
then from (2.33) the differential equation is

dv 1

— =-10— -v. 2.35

dt 4" (2:35)
Since the object is dropped from rest, then the initial condition is
v(0) = 0. Once v is known, then z is found by integrating (2.34),
and using the fact that x(0) = 1000. Also, note that v is measured
in meters per second, t is measured in seconds, and x in meters.

Question 2: What is the solution of the IVP, and the resulting solution

for x?
Answer: Using the integrating factor solution (2.21), it is found
that the general solution is v = —40 + ce~*/4. Applying the initial

condition we get that
v =40(—1+ e~ t*), (2.36)

Integrating =/ = 40(—1 + e~¥/*), yields z = 40(—t — 4e~¥/*) + .
Since z(0) = 1000, then ¢ = 1160. So, z = 40(—t — 4e~*/*4) 4+ 1160.

Question 3: What is the terminal velocity vr of the object?
Answer: The terminal velocity is defined as

= 1li :
v = g o)

Consequently, from (2.36), we get that vp = —40m/s. It is also
possible to determine vy without solving the IVP, and how this is
done is explained in Section 2.4.

Question 4: When does the object hit the ground?
Answer: It hits the ground when x = 0, which means that it is the
value of ¢ that satisfies t + 4e~%/* = 29. This can be solved using a
computer, but it is possible to obtain an approximate value fairly
easily. Assuming it takes several seconds to hit the ground, then
the 4e~%/* term should be relatively small. For example, at ¢ = 10,
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4e~t/* ~ 0.3, and at t = 20, 4e~/* ~ 0.03. Consequently, as an
approximation, we can replace the equation t + 4de~t/4 = 29 with

t = 29. In comparison, the numerically computed value is about
28.997s. W

2.3.3 = Logistic Growth or Decay

An assumption often made for the growth of the population of a species is
that the population grows at a rate proportional to the current population.
If P(t) is the population at time ¢, then this assumption results in the
equation P’ = kP. The solution is P(t) = P(0)e*, which means that
there is exponential growth in the population. This is not sustainable in
the real world, and it is more realistic to assume that the rate of growth
slows down as the population increases. In fact, if the population is very
large, the population should decrease instead of increase. A simple model
for this is to assume that k& = 7"(1 — %), where r and N are positive
constants. The resulting differential equation is

P

o r(l — %)P, (2.37)

which is known as the logistic equation. This nonlinear equation can be
solved using separation of variables, and partial fractions. Doing this, in
the case of when 0 < P < N,

N

—————dP =rdt 2.38
(N —P)P " (2:38)
=
1 1
— 4= \dp =
/(P+N—P>d /rdt
=
In NP rt+c
=
P _ _rt+c
N-P °
From this, we get
P = (N — P)ee", (2.39)

where ¢ = € is a positive constant. Doing the same thing for the case of
when N < P, one again gets (2.39) except that ¢ is a negative constant.
Moreover, for the divide by zero case of when P = 0, you get (2.39) but
¢ = 0. In other words, except for when P = N, (2.39) holds with the
understanding that ¢ is an arbitrary constant. Solving (2.39) for P yields

Nee™

P=_—_
1+ cert’

(2.40)
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Figure 2.4. The logistic function (2.40), for —oco < t < oo, in the case of
when P(0) < N.

where ¢ is an arbitrary constant. If P(0) = Py, and if Py # N, then
one finds that ¢ = Py/(N — Fy). When P(0) = N, this is a divide by
zero situation in (2.38), and the resulting solution is just the constant
P(t)=N.

The solution we have derived in (2.40) is known as the logistic function
or the logistic curve. When plotted for —oco < t < oo it has a S, or
sigmoidal, shape as shown in Figure 2.4. It is one of those functions that
appears in so many applications that it deserves its own graph in this
textbook (hence Figure 2.4). W

2.3.4 =« Newton’s Law of Cooling

The assumption is that the rate of change of the temperature of an object
is proportional to the difference between its temperature and the ambient
temperature (i.e., the temperature of its surroundings). This is often
referred to as Newton’s law of cooling, but it also applies to heating an
object.

To write down the mathematical form of this statement, we introduce
the following:

T'(t): This is the temperature of the object at time t.
Ty: This is the ambient temperature.
k: This is the proportionality coefficient.

If the initial temperature of the object is Ty, then the resulting IVP for
T is:

% = —k(T - Ty), (2.41)
7(0) = Tp. (2.42)

This problem can be solved using the integrating factor solution (2.21), or
by using separation of variables. It is found that T = T, 4 (Tp — T, )e™**.



Modeling 27

Example 1: Cooling a Cup of Coffee

According to the National Coffee Association, the ideal temperature for
brewing coffee is 200° F, and to get the most flavor out of it, you should
drink it when the coffee is between 120 and 140° F.

Question 1: If the room temperature is 70° F, what is the solution of the
resulting IVP for 17

Answer: Since Ty = 200 and T, = 70, then

T =70 + 130e k¢, (2.43)

Question 2: If the temperature is 180° F after 2 minutes, determine k.

Answer: From (2.43), 180 = 70+ 130e~2*. From this one finds that
k=3In(13/11) .

Question 3: When should you start drinking the coffee (according to the
National Coffee Association)?

Answer: The time when T = 140 occurs when 140 = 70 + 130e*,
from which one finds that
_ 9 In(13/7)

= 2l(13/11) min (2.44)

Question 4: What is the computed value for the answer for Question 3?7

Answer: It is t = 7.4 minutes. W

Example 2: Nonlinear Cooling

Experimentally it has been observed that for certain fluids the k in (2.41)
is not constant. To account for this, according to what is known as the
Dulong-Petit law of cooling, the k in (2.41) is replaced with k(T —T,)/*.
The resulting differential equation is

dr

— = k(T — T,
dt ( (1)
This requires cooling, and so it requires 7' > Tj,.

Question: As in Example 1, suppose that the room temperature is 70° F
and T(0) = 200° F. What is the solution of the resulting IVP?

Answer: Separating variables,

dT
— oy = ket
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Integrating this equation and then solving for 7',

m:kt‘i‘c
~ 4

T-70)/" = ——

( ) kt +c
=

T=170 1y
B (kt + c) ‘
Since T'(0) = 200, then the above equation gives us that 130 =

(4/c)*. Solving this we obtain ¢ = 4/130%/%. W

Reality Check: The models that are considered here are used to illustrate
how, and where, differential equations arise. As with all models, simplify-
ing assumptions are made to obtain the resulting mathematical problem.
Many of these assumptions are not considered or accounted for in our
examples, and the same is true for the exercises. As a case in point, New-
ton’s Law of Cooling is usually limited to cases of when |T' — T,| is not
very large, and its applicability depends on whether the heat flow is due
to conduction, convection, or radiation. Said another way, if you want to
impress your family at Thanksgiving by using the solution of the cook-
ing a turkey exercise (see below), just make sure to check on the turkey
temperature regularly to make sure your predictions are correct.

Exercises

In answering the following questions, do not numerically evaluate numbers
such as v/2, /3, €2, In(4/3), etc. The exception to this is when the
question explicitly asks you to compute the answer.

1. The IVP for radioactive decay was derived in Example 1, on page 1.

a) What is the solution of the IVP for a radioactive material?
b) If 12mg of a radioactive material decays to 9mg in one day, find k.

c¢) The half-life of a radioactive material is the time required for it to
reach one-half of the original amount. What is the half-life of the
material in part (b)?

2. Radiocarbon dating uses the decay of carbon-14 to estimate how long
ago something died. The assumption is that the amount of carbon-
14 satisfies the radioactive decay problem derived in Example 1, on
page 1.

a) What is the solution of the IVP for a radioactive material?
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b) The half-life of a radioactive material is the time required for it to
reach one-half of the original amount. The half-life of carbon-14 is
5,730 years. Use this to determine k.

¢) The amount of carbon-14 is the same in all living organisms. When
an organism dies the amount starts to undergo radioactive decay.
So, for radioactive dating you know Ny, as well as the current value
of N. Explain how knowing Ny, N, and k can be used to determine
t (which is the time that has passed since the organism died).

d) Measurements in 1991 determined that the amount of carbon-14
in the Temple Scroll, which is one of the Dead Sea scrolls found
at Qumran, to be 186.18. The amount in living organisms is 238.
Determine (i.e., compute) what two years the scroll could have been
written in. Note that in the BC/AD system there is no year zero,
so it goes from 1 BC to 1 AD.

Comments: In this problem, the amount of carbon-14 refers to the
amount relative to carbon-12. Also, the organism is the parchment
from the scroll, and the testing is described in Bonani et al. [1992].

Mixing

3. A tank contains 100 L of salt water with a concentration of 2g/L. To
flush the salt out, pure water is poured in at 4 L/min, and the mixture
in the tank flows out at the same rate.

a) What is the resulting IVP for the total amount Q(¢) of salt in the
tank?

b) Solve the IVP determined in part (a).

c) How long does it take until the amount of salt in the tank is 1% of

its original amount?

4. A tank contains 20 L of fresh water. Suppose water, containing %g/ L
of salt, starts to flow into the tank at 2L/min, and the well-stirred
mixture flows out at the same rate.

a) What is the resulting IVP for the amount Q(¢) of salt in the tank?
b) Solve the IVP determined in part (a).
¢) How much salt is in the tank after one hour?

5. Ten years ago, a factory started operation in a pristine valley. The

valley’s volume is 10°m3. Each year the factory releases 10°m? of
exhaust through its smoke stacks, and this exhaust contains 1000 kg of
pollutants. Assume that the well-mixed polluted air leaves the valley

at 105 m? /yr.
a) What is the IVP for the amount of pollutant in the valley?

b) How much pollutant is in the valley now?
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6. A small lake contains 60,000 gal of pure water. There is an inlet stream
of pure water into the lake, as well as an outlet stream, both flowing
at a rate of 100 gal/min. Suppose someone starts pouring water into
the lake at the rate of 10 gal/min that contains 51bs/gal of a chemical,
and they do this for 8 hours. While this happens the inlet stream of
pure water is unchanged, and the outflow rate from the lake remains
at 100 gal/min.

a) What is the formula for the volume of the lake while the person is
pouring?

b) For ¢t < 8, what IVP must be solved to determine the amount of
the chemical in the lake?

¢) How much of the chemical is in the lake when the person stops
pouring?

d) Once the person stops pouring, what IVP must be solved to deter-
mine how much of the chemical is in the lake?

Newton’s Second Law

7. A mass of 10kg is shot upward from the surface of the Earth with a
velocity of 100 m/s. In addition to gravity, assume that there is a drag
force Fy = —cv, where ¢ = 5kg/s. Assume that g = 10m/s.

a) Write down the IVP for v, and then find its solution.
b) Find .
¢) How high does the object get?

8. A skydiver weighing 176 1bs drops from a plane that is at an altitude
of 5000 ft. Assume that g = 32ft/s?.

a) Before the parachute opens, the forces on the skydiver are gravity
and a drag force Fy = —cv. Assuming v(0) = 0, write down the
IVP for v, and then find the solution.

b) It is claimed that the terminal velocity of a person falling is —120 mph.
Use this to determine c.

c¢) If the parachute is opened after 10s of free fall, what is the speed
of the skydiver when it opens?

d) Find the distance the skydiver falls before the parachute opens.

e) When the parachute is open, the drag force increases by a factor
of 8 from the free fall drag force. What is the resulting terminal
velocity of the skydiver?

9. A spherical object sinking to the bottom of a lake is acted on by three
forces: a drag force Fy = —cv, a buoyant force Fj,, and gravity F,.
According to Archimedes’ principle, the buoyant force is equal to the
weight of the water that is displaced by the sphere.
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a) What is the formula for Fj in terms of the sphere’s radius a, the
water density p, and g7

b) The differential equation for the velocity of the sphere has the form
mv' = A — cv. What is A?

¢) Assuming the sphere is released from rest, solve the resulting IVP
for v.

d) Find a formula for the terminal velocity in terms of ¢, a, p, and g.
What condition must be satisfied if the sphere is sinking?

e) Assume the object is released a distance L from the bottom of the
lake. Also assume that it takes a while for it to hit the bottom. Use
an approximation similar to the one used in Question 4 on page 24
to derive an approximate formula for the time it takes it to hit the
bottom.

104 [
10°F

104 F

Drag Force

108" — Experimental |

-- F,

10°® 104 1072 10° 102 104
Speed (m/sec)

Figure 2.5. Drag force on a smooth sphere as a function of the speed [Roos
and Willmarth, 1971, NASA, 2020]. The function Fy is used in Exercise 10.

10. A spherical object falling in the atmosphere is acted on by gravity, F,,
and a drag force Fy. It is assumed that Fy = —cv(1 — Bv), where v is
the velocity. Both ¢ and 3 are positive constants.

a) Assuming the sphere is dropped from rest, what is the resulting
IVP for v?

b) Solve the IVP for v.
c¢) Find a formula for the terminal velocity in terms of m, ¢, 3, and g.

d) The constants in F,; are ¢ = 6nRp and 8 = Rp/(9mp), where R is
the radius of the sphere, p is the air density, and p is the air viscosity.
For a baseball falling in the atmosphere, R = 0.037, 1 = 1.8 x 1075,
and p = 1.2 (using kg, m, s units). Also, m = 0.14 and assume that
g = 9.8. Compute the terminal velocity. How does this compare to
what is the speed of a typical fastball in professional baseball?
Comment: The drag force used in this problem is close to what is
observed experimentally. To demonstrate this, the experimentally
determined values of the drag, and the values determined using Fy,
are shown in Figure 2.5 as a function of the speed |v|. This data
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also shows that the assumption F; = —cwv is only valid if the speed
is no more than about 1072 m/s.

Logistic Growth or Decay

11. It is often found that a population will grow exponentially if the popu-
lation is very small, and it will decrease exponentially if the population
is very large. A model for this is due to Beverton and Holt, and the
equation to solve is

1—- £
N

P,:’["i
P

)

where r and N are positive constants.

a) Assuming that P(0) = 3N, solve the resulting IVP for P.
b) What is the limiting population P(oc0) = lim;_,o P(t)?

12. The population of fish in a large lake can be modeled using the logistic
equation. If, in addition, the fish are caught at a constant rate h, the
equation for the population becomes

P’:r(1—§)P—h,

where r and N are positive constants. In this problem take r = 4,
h =750, and N = 1000. Also, P(0) = 1000.
a) Solve the IVP for P.

b) What is the limiting population? In other words, what is P(c0) =
limy_s o0 P(£)?

Cooling or Heating

13. Suppose coffee has a temperature of 200° F when freshly poured, and
the room temperature is 72° F. In this exercise use Newton’s law of
cooling.

a) What IVP does the temperature of the coffee satisfy?
b) What is the solution of the IVP?
c¢) If the coffee cools to 136° F in five minutes, what is k7

d) When does the coffee reach a temperature of 150° F?
14. Redo the previous exercise but use the Dulong-Petit law of cooling.

15. To cook a turkey you are to put it into a 350°F oven, and cook it
until it reaches 165°F. In answering the following questions, assume
Newton’s law of cooling is used.

a) Suppose the turkey starts out at room temperature, which is 70°F.
What IVP does the temperature satisfy?
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b) Suppose that after two hours in the oven, the temperature of the
turkey is 140°F. How much longer before it is done?

c¢) Suppose the turkey is taken from the refrigerator, which is set to
40°F, and put directly into the oven. How much longer does it take
to cook than when the turkey starts out at room temperature? The
value for k is the same as in part (b).

16. A homicide victim was discovered at 1p.m. in a room that is kept at
70°F. When discovered, the temperature of the body was 90°F, and
one hour later it had dropped to 85°F.

a) Assuming Newton’s Law of Cooling, and normal body temperature
is 98.6°F, how long had the person been dead when the body was
discovered?

b) Compute the time of death. Round your answer so it just gives the
hour and minute (e.g., 7:13a.m. or 5:32p.m.).

17. Suppose that in Newton’s Law of Cooling that k is found to depend
on temperature. A common assumption is that k = ko + k(T — T,),
where kg and ki are positive constants.

a) What is the resulting differential equation for 77

b) To find T it makes things easier to introduce the variable S(t) =
T(t) — T,. Rewrite the differential equation in part (a) in terms of
S. Also, if T'(0) = Ty, what is S(0)?
c¢) Solve the resulting IVP in part (b) for S, and then use this to show
that
koce ot

1 — kyce=kot”’

where ¢ = So/(k?o + klso) and So =Ty — T,.

d) Using (2.43), it was found you have to wait about 7.4 minutes to
drink the coffee. Taking ko = 31n(13/11) and ky = 0.01, compute
how long you need to wait using the solution for 7' from part (c).

T="T,+

2.4 « Steady States and Stability

All of the applications considered in the previous section have one thing in
common: the solution eventually approaches a constant value, or steady
state. This is not unusual, as this is what often happens. What is of
interest here is whether it is possible to determine the eventual steady
state without actually having to solve the problem.

To illustrate, as explained in the previous section, the population P(t)
of a species is determined by solving

P’ = f(P), (2.45)
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Figure 2.6. Solution of (2.45) and (2.46) in the case of when P(0) = 0.1,
and when P(0) = 4.5. The dashed red lines are the steady state values.

where, for this example, we will take
f(P)=2(3—-P)P. (2.46)

The solution of this equation is given in (2.40), and it is plotted in Figure
2.6 for the case of when P(0) = 0.1, and when P(0) = 4.5. It shows that
for both initial values, the population approaches, asymptotically, P = 3.
In both cases the approach is monotonic, either increasing or decreasing.

What is important for this discussion is that it is possible to determine
the general behavior of the solution seen in Figure 2.6 without solving the
problem. This requires the following three observations:

Steady States: If the solution does asymptotically approach a constant
value P, then P = P must be a solution of the differential equation.
This means that it is required that f(P) = 0. From this and (2.46)
we get the two values P = 0 and P = 3. These are called steady
states for this equation.

Unstable: Even though the initial value P(0) = 0.1 is close to the steady
state P = 0, the solution moves away from P = 0. This happens
because of f(P). To explain, the function f(P) is plotted in Figure
2.7. It shows that f(P) > 0 for 0 < P < 3. So, in this interval
P’(t) > 0, and this means that P is increasing. Similarly, since
f(P) < 0 for 3 < P, then P is decreasing in this interval. The
arrows in Figure 2.7 indicate the corresponding movement of P. The
conclusion we derive from the arrows is that if P(0) is anywhere in
0 < P < 3, then the solution will move away from the steady state

P = 0. Because of this, the steady state is said to be unstable.

Stable: The second conclusion we make from the arrows in Figure 2.7 is
that if P(0) is anywhere in 0 < P < 3, then the solution increases
towards the steady state P = 3. Moreover, if P(0) is anywhere in
3 < P, then the solution decreases towards the steady state P = 3.
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9 \ \
f(P) >0 = P increasing

f(P) <0 = P decreasing |

Figure 2.7. The function f(P) in (2.46). The two steady states are shown
by the reds dots. The arrows indicate the direction P mowves in the respective interval.

A consequence of this is that, no matter what initial condition we
pick near P = 3,
lim P(t) = 3.

t—o00

For this reason, P = 3 is said to be an asymptotically stable
steady state.

The key to what guarantees that the steady state P = 3 is asymptot-
ically stable is that f(P) is positive to the left of P = 3, and negative to
the right of it. In other words, f(P) is a deceasing function at P = 3.
Consequently, if f/(3) < 0 then P = 3 is asymptotically stable. A similar
test can be made for an unstable steady state.

2.4.1 = General Version

The reasoning used in the above example is easily extended to more gen-
eral differential equations. To do this, assume that the equation is

v =), (2.47)

where f’(y) is a continuous function of y. Because f(y) is assumed to
not depend explicitly on ¢, the equation is said to be autonomous. So,
y' =1+ y? is autonomous, but ¢/ =t + y> is not.

Steady State. y = Y is a steady state for (2.47) if it is constant and
F(V) =o0.

Stability Theorem. A steady state y = Y is asymptotically stable if
1Y) <0 and it is unstable if f'(Y) > 0.

The idea underlying asymptotic stability is that if y(0) is any point close
to Y, then

lim y(t) =Y. (2.48)

t—o0
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To explain this more mathematically, a steady state is either stable or
unstable. It is stable if you can control how far the solution gets from Y
by picking y(0) close to Y. Specifically, given any € > 0, you can find a
d > 0 so that |y(t) = Y| < e if |y(0) — Y| < §. If this is not possible then
Y is unstable. So, the steady state P = 0 in Figure 2.7 is unstable as it
is not possible to find P(0)’s near P = 0 that will result in the solution
staying near P = 0.

In addition, a stable steady state is either asymptotically stable, which
means that the limit (2.48) holds, or it is said to be neutrally stable. The
latter occur, for example, for the steady states of y/ = 0. Neutrally stable
steady states are not considered in this chapter but will be in Chapters 4
and 5.

The case of when y(0) = Y merits a comment. No matter if the steady
state is stable or unstable, if y(0) =Y, then y(¢) =Y is a solution of the
resulting IVP. Consequently, what is of interest is what the solution does
if you start close, but not exactly at, a steady state.

Example 1: Find the steady states, and determine their stability, for
Y=y —y—6.

Answer: The steady states are found by solving y? —y — 6 = 0, and
from this we get Y = 3 and Y = —2. To determine their stability,
since f(y) = y?> —y — 6, then f'(y) = 2y — 1. Since f'(3) =5 > 0,
then Y = 3 is unstable, and since f'(—2) = =5 < 0, then Y = —2
is asymptotically stable. N

2.4.2 « Sketching the Solution

As demonstrated in the above example, the stability theorem makes it is
relatively simple to determine if a steady state is stable or unstable. It
is also relatively easy to sketch the solution, and the following example
illustrates how this is done. Moreover, as you will see, this is done using
nothing more than the sketch of the function f(y).

Example 2: Sketch the solution of y' = f(y), where f(y) is given in
Figure 2.8.

Answer: To do this it is necessary to know y(0). Before picking this value,
we first see what can be determined about the solution.

Steady States: The steady states are the points where f(y) = 0. From
Figure 2.8, this happens when y = —2, y = 1, and y = 3. These are
identified using red dots in the figure. From the graph it is evident
that f'(—=2) < 0 and f’(3) < 0, and this means that y = —2 and
y = 3 are asymptotically stable. Similarly, since f’(1) > 0, then
y = 1 is unstable.
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Figure 2.8. The sketch of the function f(y) for Example 2.

Increasing or Decreasing: If f(y) > 0, then the solution is increasing, and
if f(y) < 0, then the solution is deceasing. The respective y intervals
where this happens are shown in Figure 2.8 using arrows.

We will now use the above conclusions to sketch the solution.

y(0) = 1.3: This point is located between two steady states, specifically,
1 < y(0) < 3. According to Figure 2.8, y(t) increases monotonically
in this interval, and asymptotically approaches y = 3. A curve with
these properties is shown in Figure 2.9.

y(0) = 0.8: In this case, the point is located between two steady states,
namely, —2 < y(0) < 1. From Figure 2.8, y(¢) decreases monoton-
ically in this interval, and asymptotically approaches y = —2. A
curve with these properties is shown in Figure 2.9.

y(t)

Figure 2.9. Solution curves obtained using the information in Figure 2.8.
The dashed red lines are the steady state values.
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|
|
|

0
Yy

Figure 2.10. The sketch of the function f(y) for Example 3.

y(0) = —4: For this initial condition, according to the information in Fig-
ure 2.8, y(t) increases monotonically, and asymptotically approaches
y = —2. A curve with these properties is shown in Figure 2.9. B

In the above example, each initial condition resulted in the solution
approaching one of the steady states. As illustrated in the next example,
this does not always happen.

Example 3: For 3/ = y, find the steady states, determine their stability,
and then sketch the solution when y(0) = 0.1, and when y(0) =
—0.1.

Answer: Since f(y) = y then y = 0 is the only steady state. Also,
since f'(y) =1 > 0, the steady state is unstable. The corresponding
intervals where y is increasing or decreasing are shown in Figure
2.10 using arrows. The resulting solution curves for the given initial
conditions are shown in Figure 2.11. For both initial conditions the
solution moves away from y = 0. In the case of when y(0) = 0.1,
y(t) — oo as t — oo. This is because y'(t) > 0, so the solution curve
is strictly monotonically increasing. The solution does not level off,
like the y(0) = 1.3 curve in Figure 2.9, because there is no steady

y(t)
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Figure 2.11. Solution curves obtained using the information in Figure 2.10.
The dashed red line is the steady state value.
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state for y > 0. For a similar reason, when y(0) = —0.1, y(t) = —o0
ast—oo0. N

The sketching procedure used in Examples 2 and 3 leaves some things
undetermined. For example, nothing was said about how steep the curves
are, or whether they are concave up or down. It is possible to determine
this using Figures 2.8 and 2.10, but this level of analysis is not considered
in this text.

2.4.3 = Parting Comments

A few closing comments about the material in this section are in order.

1. What is defined as a steady state here is sometimes called a critical
point, or an equilibrium point. Referring to them as a steady state
is consistent with what is used for time independent solutions of
partial differential equations.

2. The stability theorem does not cover the case of when f/(Y) = 0.
However, the graphical method, as in Figure 2.7, can still be used.

3. When a solution moves away from an unstable steady state, it does
not necessarily approach the closest stable steady state. An example
of this is shown in Figure 2.9. Although Y = 3 is closer to the initial
point y(0) = 0.8, f(y) is negative for —2 < y < 1, and this means
the solution must decrease.

Exercises

1. For each equation, verify that Y = 0 is a steady state. Determine if it
is unstable or asymptotically stable.

/

a) y =sin(1 —eY) c) vy = —e¥sin(y)

b) v =y —3y*+y d) v =01+y")In(1+y)

2. For each differential equation, find the steady states and determine if
they are asymptotically stable or unstable.
a) y =y’ +y—2 f) y =y*—3y° -4
b) y =3+ 2y —3? g) y =e* —4e¥ +3
o)y =y—y h) y=1+y) - (1+y)?°
d) y =4y —y° Dy =0+y)"—(1+y!
e) Y =e V-2 i) ¥ =6 +y) —In(y?)
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3.

f(y)

Sketch the solution curve for each of the given initial conditions.

a) y =y +y—2 d) y =e ¥ —2
y(0) = =3; »(0) =0 y(O) = 1; y(0) =2
b) o =y*—y e)y =yt —3y*—4
y(0) = 3/4; y(0) = —1/4 y(U) =1;y(0) = -3
)y =4y —y? f) y =e® —4e¥ +3
y(0) = 1/2; y(0) =3 y(0) = —1; y(0) =In2

. Sketch the solution of y' = f(y) based on the information provided.

Assume that f(y) is zero only at y = —2 and y = 3.

a) 1(2) = 4, b) f(-2) =1, &) J'(3) =2
y(0) =1 y(0) =0 y(0) = 1

. This problem concerns the steady states and stability for y' = f(y),

where f(y) is one of the functions plotted in Figure 2.12. You should
assume the only solutions of f(y) = 0 are the locations shown in the
plot. For the respective plot, do the following: (i) find the steady states
and determine if they are asymptotically stable or unstable, and (ii)
sketch the solution when y(0) = «, y(0) = 3, and y(0) = ~.

a) For plot (a), with o = —2.5, 8 =0, v = 2.5.
b) For plot (b), with a = —2.5, =0, v = 2.5.
c¢) For plot (c), with @ = —2.5, 5 =0, v = 2.5.
d) For plot (d), with o = —2.5, 8 = —0.5, v = 1.5.

For the mixing problem given in (2.31), (2.32), sketch the solution
without using the formula for the solution. Make sure to explain how
you do this.

b)
0 =Y
L=
3 2 1 0 1 2 3 3 2 1 ()} 1 2 3
y-axis y-axis
d)
0 =Y
L=
3 2 1 0 1 2 3 3 2 1 (i} 1 2 3
y-axis y-axis

Figure 2.12. Plots of f(y) used in Ezercise 5.
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10.

11.

For the population problem in Exercise 11, on page 32, sketch the so-
lution without using the formula for the solution. Use this to answer
part (b) of that exercise.

For the drag on a sphere, as described in Exercise 10 on page 31, de-
termine the terminal velocity without solving the IVP. In other words,
answer part (c) using only part (a) of that exercise.

This problem concerns solving y' = —/1 + y, where y(0) = 0.

a) Using separation of variables, what is the solution? It helps to
note, from the differential equation, that y'(0) = —1.

b) Using the method outlined in Example 2, sketch the solution.

c¢) Sketch the solution you found in part (a). Assuming your sketch
in part (b) is correct, is there anything wrong with your solution
in part (a)? If so, how should it be modified? Does your sketch
from part (b) need to be modified as well?

The population of fish in a lake can be modeled using the logistic
equation. However, assuming that the fish are caught at a constant
rate h, the equation for the population becomes

P’zr(l—%)P—h,

where r and N are positive constants.

a) Assuming that the loss due to fishing is small enough that 0 <
h < rN/4, find the two steady states for the equation. Label these
values as P; and P», where P; < Ps.

b) Determine whether P; and P; are unstable or asymptotically stable.

c) Letting f(P) be the right hand side of the differential equation,
sketch f(P) for 0 < P < oco. With this, answer the question in
Exercise 12(b) on page 32.

d) Assuming that Py < P(0) < Ps, sketch the solution. Do the same
for the case of when Py < P(0).

e) Sketch the solution if 0 < P(0) < P;. In doing this remember that
P(t) can not be negative. Note that you will find that there is a
time t. where extinction occurs, and the differential equation does
not apply to the fish population for t. < t.

The solution of a differential equation is shown in Figure 2.13. Explain
why it can not be the plot of the solution of the following differential
equations. You only need to provide one reason (even though there
might be several).
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a) y =1+y° )y =uy—-4uy-3)(y—1)
b) y=y—4 d) ¥ =(y—-2)4-y)

Figure 2.13. Plot used in Ezercise 11. The starting point is y(0) = 2.

12. The following refer to the solution of (2.47), where f(y) is continuous.
Sketch a function f(y) so the stated conditions hold. Make sure to pro-
vide a short explanation of why your function satisfies the conditions
stated. If it is not possible to find such a function, explain why.

a) The solution is strictly monotone increasing for y < 0, is strictly
monotone decreasing for y > 0, and there are no steady states.

b) The only asymptotically stable steady state is Y = 0, and the only
unstable steady states are Y = —1 and Y = 1.

c¢) The only asymptotically stable steady state is Y = 0, and the only
unstable steady states are Y =1 and Y = 2.

13. This problem concerns what is known as one-sided stability, or semi-
stability. The differential equation considered is

y =23 -y)>

a) Show that there is one steady state Y, and f/(Y) = 0.

b) Sketch f(y) for —oco < y < oo. Use this to explain why, except
when y =Y, y is an increasing function of ¢.

c¢) Using the same reasoning as for the population example, explain
why, if y(0) < Y, then lim;, y(t) = Y. However, if y(0) > Y,
then lim; o y(t) = co.

d) Use the results from part (c) to explain why this is an example of
one-sided stability.



Chapter 3

Second-Order Linear
Equations

The general version of the differential equations considered in this
chapter can be written as

2
() 4 alt)y = £(1), (3.1)

where p(t), q(t), and f(t) are given. One of the reasons this equation gets
its own chapter is Newton’s second law, which, if you recall, is F' = ma.
To explain, if y(t) is the displacement, then the acceleration is a = y”,
and this gives us the differential equation my” = F. In this chapter we
are considering problems when F is a linear function of velocity v’ and
displacement y. Later, in Chapter 5, we will consider equations where the
dependence is nonlinear. It is because of the connections with the second
law that f(¢) in (3.1) is often referred to as the forcing function.

In the previous chapter, for first-order linear differential equations, we
very elegantly derived a formula for the general solution. This will not
happen for second-order equations. All of the methods derived in this
chapter are, in fact, just good, or educated, guesses on what the answer
is. There are non-guessing methods, and one example involves using a
Taylor series expansion of the solution. An illustration of how this is
done can be found in Exercise 8 on page 54.

To use a guessing approach, it becomes essential to know the math-
ematical requirements for what can be called a general solution. This is
where we begin.

Introduction to Differential Equations, M. H. Holmes, 2023
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3.1 = Initial Value Problem

A typical initial value problem (IVP) consists of solving (3.1), for ¢ > 0,
with the initial conditions

y(0) =, and ¢'(0) =8, (3.2)

where a and 8 are given numbers. Because our solution methods involve
guessing, it is important that we know when to stop guessing and conclude
we have found the solution. This is why the next result is useful.

Existence and Uniqueness Theorem. If p(t), q(t), and f(t) are con-
tinuous for t > 0, then there is exactly one smooth function y(t) that

satisfies (3.1) and (3.2).

In stating that y(t) is a smooth function, it is meant that y”(¢) is defined
and continuous for ¢ > 0. Those interested in the proof of the above
theorem, or the theoretical foundations of the subject, should consult
Coddington and Carlson [1997].

So, according to the above theorem, if we find a smooth function that
satisfies the differential equation and initial conditions, then that is the
solution, and the only solution, of the IVP.

3.2 = General Solution of a Homogeneous Equation

The associated homogeneous equation for (3.1) is

— +p(t)5 +q(t)y =0. (3.3)

We need to spend some time discussing what it means to be the general
solution of this equation. So, consider Exercise 5(a), in Section 1.2. As-

suming you did this exercise, you found that given solutions y; = e and
yo = €' of y"" — 3y’ + 2y = 0, then
y(t) = cryi(t) + caya(t) (3.4)

is a solution for any value of ¢; and co. What is important here is that this
is a general solution of the differential equation. Roughly speaking, this
means that any, and all, solutions of the differential equation are included
in this formula. A more precise statement is that, no matter what the
values of av and 3, there are values for ¢; and ¢y so that (3.4) satisfies the
differential equation (3.3) as well as the given initial conditions in (3.2).

This gives rise to the question: what is required so a solution like the
one in (3.4) can be claimed to be a general solution? The answer is given
in the next result.
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General Solution Theorem. The function y(t) = ciy1(t) + coya(t),
where ¢1 and co are arbitrary constants, is a general solution of (3.3)
if the following are true:

1. y1(t) and y2(t) are solutions of (3.3), and
2. y1(0)y2(0) — 91 (0)y2(0) # 0.

To explain where these two requirements come from, the first one guar-
antees that y(t) is a solution of (3.3) no matter what the values of ¢; and
¢o. As for the initial conditions (3.2), they require that

c1y1(0) + c212(0) = ¢,
c1y1(0) + c2y5(0) = B.

Solving these equations, one gets

ayy(0) — By2(0)
y1(0)y5(0) — y1(0)y2(0) ’

with a similar expression for ca. So, as long as y1(0)y5(0) # y1(0)y2(0)
it is possible to find ¢; and co so the initial conditions are satisfied (no
matter what the values of o and ). In other words, y(t) is a general
solution.

Cc1 =

Example: Show that y = cje™3! 4 coel is a general solution of y” + 21/ —
3y = 0.

Answer: In this case, y1(t) = e 3 and y2(t) = e!. It is not hard to
show that they are solutions of the differential equation (see Section
1.2). To check on the second requirement, note that yj = —3e~ 3
and y = e'. So, y1(0)y5(0) — v4(0)y2(0) = 4 # 0. Therefore, y is a
general solution. M

3.2.1 « Linear Independence and the Wronskian

It is possible to restate the General Solution Theorem given above as:
“The function y(t) = c1y1(t) + c2y2(t), where ¢; and ¢y are arbitrary
constants, is a general solution of (3.3) if y; (¢) and ya(t) are linearly inde-
pendent solutions of (3.3).” The requirement that y; and y2 are linearly
independent means that the only constants ¢; and co that satisfy

clyl(t) + ngg(t) =0, Vt>0, (3.5)

are ¢; = 0 and ¢o = 0. This is, effectively, the same definition of linear
independence used in linear algebra. The difference is that we have func-
tions rather than vectors. If it is possible to find either ¢; # 0 or co # 0
so (3.5) holds, then y; and y, are said to be linearly dependent. Also,
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in (3.5), the symbol V is a mathematical shorthand for “for all” or “for
every.”

The question arises about how the “independent solutions” version of
the theorem is the same as the “y;(0)y5(0) — y;(0)y2(0) # 0” version. To
explain, given two solutions y; and yo of (3.3), one way to determine if
they are independent is to use what is called the Wronskian of y; and ys.

This is defined as
Yy Y2
W(yl, y2) = det( , /> . (36)
1 Y

For those unfamiliar with determinants, this can be written as

W (y1,v2) = Y195 — Y2¥1- (3.7)
The usefulness of this function is due, in part, to the next result.

Independent Solutions Test. If y1 and ya are solutions of (3.3), then
y1 and yo are independent if, and only if, W (y1,y2) is nonzero.

The Wronskian comes into this problem because (3.5) must hold on the
interval 0 < ¢t < co. So, (3.5) can be differentiated, which gives us the
equation c1y] + cayh = 0. This, along with (3.5), provides two equations
for ¢; and cy. It is not hard to show that if W(yi,y2) # 0, then the
only solution to these two equations is ¢; = co = 0. Consequently, if
W (y1,y2) # 0, then y; and yo are independent.

Now, as shown in Exercise 5, either W (y1, y2) is identically zero or else
it is never zero. Given that y1(0)y5(0)—y}(0)y2(0) is the value of W (y1, y2)
at t = 0, then from the Independent Solutions Test we conclude that y;(¢)
and y2(t) are linearly independent if, and only if, 11 (0)y5(0) —y1 (0)y2(0) #
0. So, the two versions of the theorem are equivalent.

Exercises

@t is a general solution of

1. Assuming w # 0, show that y = c1e*t + coe™
y// _ w2y =0.
2. Show y = c1e~ " 4 cote ! is a general solution of ¥ + 20y 4+ oy = 0.

b are independent

3. Assuming b # 0, show that y; = 1 and y2 = e~
solutions of y” + by’ = 0.

4. Assuming w # 0, show that y; = cos(wt) and ys = sin(wt) are inde-
pendent solutions of 3" + w?y = 0.

5. If y; and yo are solutions of (3.3), show that %W + p(t)W = 0. Use

this to derive Abel’s formula, which is that
W(yh y2) = Wpe™ fot p(r)d'r7
where Wy = 41(0)y5(0) — y;(0)y2(0) is the value of W at t = 0.
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3.3 = Solving a Homogeneous Equation

The solution of the homogeneous equation

d’y . dy
— +b— =0 3.8
az PtV (3:8)
can be found by assuming that y = e"*. With this, ¢/ = re™, and y” =
r?e™ and so (3.8) becomes (r? + br + c)e’ = 0. Since e is never zero,
we conclude that

r? +br+c=0. (3.9)

This is called the characteristic equation for (3.8). It is easily solved
using the quadratic formula, which gives us that

r=g( b ViR dc). (3.10)

There are three possibilities here:

1. there are two real-valued r’s: this happens when b* — 4¢ > 0,
2. there is one 7: this happens when b? — 4c = 0, and
3. there are two complex-valued 7’s: this happens when b? — 4¢ < 0.

The case of when the roots are complex-valued requires a short introduc-
tion to complex variables, and so it is done last.

3.3.1 =« Two Real Roots

When there are two real-valued roots, say, r1 and 7y, then the two cor-
responding solutions of (3.8) are y; = €™ and yo = e™!. It is left as an
exercise to show they are independent. Therefore, the resulting general
solution of (3.8) is

y = cre"t 4+ cpe™?t,

3.3.2 = One Real Root and Reduction of Order

When there is only one root, the second solution can be found using
what is called the reduction of order method. To explain, if you know a
solution yi(t), it is possible to find a second solution by assuming that
yo(t) = w(t)y1(t). In our case, we know that y;(t) = €™, where r =
—b/2, is a solution. So, to find a second solution it is assumed that
y(t) = w(t)e™. Substituting this into (3.8), and simplifying, yields the
differential equation

w” 4 (2r + b)w’ + 72 +br +c=0.

Since r = —b/2, and 4c = b?, then the above differential equation reduces
to just w” = 0. Integrating this once gives w’ = d; and then integrating
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again yields w = dit + ds, where d; and do are arbitrary constants. With
this our second solution is y = (dit+da)e™. A solution that is independent
of 43 = e is obtained by taking di = 1 and dy = 0, which means
that yo = te™. The fact that they are independent follows from the
Independence Test since W (y1,y2) = 2¢" is nonzero. Therefore, the
resulting general solution of (3.8) is

y = cire" + cote™.

3.4 - Complex Roots

An example of a differential equation that generates complex-valued roots
is
y" 4+ 4y + 13y = 0. (3.11)

¢ we obtain the characteristic equation 72 4 4r + 13 = 0.

The two solutions of this are r; = —2 + 3i and ro = —2 — 3i. Proceeding
as in the case of two real-valued roots, the conclusion is that the resulting
general solution of (3.11) is

Assuming y = e”

Y= cle’r‘lt 4 C2eT2t

= (T2 | (727300 (3.12)

Because complex numbers are used in the exponents, if this expression is
used as the general solution, then ¢; and ¢y must be allowed to also be
complex-valued.

Although solutions as in (3.12) are used, particularly in physics, there
are other ways to write the solution that do not involve complex numbers.
Even if (3.12) is used, there is still the question of how to evaluate an
expression such as e3. For this reason, a short introduction to complex
variables is needed.

3.4.1 = Euler’s Formula and its Consequences

The key for working with complex exponents is the following formula.

Euler’s Formula. If 0 is real-valued then

e = cosf + isin 6. (3.13)

It is not possible to overemphasize the importance of this formula. It is
one of those fundamental mathematical facts that you must memorize.
For those who might wonder how this formula is obtained, it comes from
writing down the Maclaurin series of €%, cos 6, and sin 6, and then showing
that they satisfy (3.13).
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As it must, (3.13) is consistent with the usual rules involving arith-
metic, algebra, and calculus. The examples below provide illustrations of
this fact.

Example 1: Since, by definition, i = /=1, then i> = —1, i® = —i, and
i* = 1. Also,

(a+1ib)? = (a +ib)(a + ib)
= a? — b + 2iab.

It is useful to be able to identify the real and imaginary part of a
complex number. So, if r = a + ib, and a and b are real, then

Re(r) =a, and Im(r)=20.

As an example, Re(5 — 167) = 5, and Im(5 — 16¢) = —16. Finally,
two complex numbers are equal only when their respective real and
imaginary parts are equal. So, for example, to state that e =
%\/5(1 — 1) requires that, using Euler’s formula, cosf = %\/5 and

sinf =—3v2. W

Example 2: '™ = cosm + isinm = —1.

This shows that the exponential function can be negative. More-
over, since e/™ = —1 then, presumably, In(—1) = ir (i.e., you can
take the logarithm of a negative number). This is true, but there are
complications related to the periodicity of the trigonometric func-
tions, and to learn more about this you should take a course in
complex variables. W

Example 3: ¢'™/2 = cosn/2 + isinn/2=1i. M

Example 4: Assuming 6 and ¢ are real-valued, then

e’ = (cos 0 + isin 0)(cos ¢ + i sin @)
= cos 6 cos ¢ — sin O sin ¢ + i(cos @ sin ¢ + sin 6 cos @)
= cos(f + ) +isin(f + )
—c0+9) m

Example 5: Assuming r is real-valued, then

ieirt — 7(
dt dt
= —rsinrt + ircosrt

cosrt + isinrt)

= ir(cosrt + isinrt)

=ire”. W
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The next step is to extend Euler’s formula to a general complex num-
ber. With this in mind, let z = x + iy, where x and y are real-valued.
Using the usual law of exponents,

ef = ex—i—iy — 6:ceiy
= ¢”(cosy + isiny). (3.14)

The above expression is what we need for solving differential equations.

3.4.2 - Second Representation

We return to the general solution given in (3.12). With (3.14), we get the
following

y = cre("2T3DE | o(—2-30)1

= cle_Qt ( cos 3t + ¢sin St) + 626_2t ( cos 3t — ¢sin 3t)

= (c1 4 co)e 2 cos 3t + i(c; — cz)e” * sin 3t.
We have therefore shown that the general solution can be written as
y(t) = die % cos 3t + doe % sin 3t. (3.15)

It is not difficult to check that the functions 77 = e % cos3t and 7» =
e 2'sin 3t are solutions of (3.11), and they have a nonzero Wronskian.
Moreover, since 71 and 2 do not involve complex numbers, then d; and
ds in the above formula are arbitrary real-valued constants.

3.4.3 - Third Representation

There is a third way to write the general solution that can be useful when
studying vibration, or oscillation, problems. This comes from making the
observation that given the values of d; and dy in (3.15), we can write them
as a point in the plane (dy, ds). Using polar coordinates, it is possible to
find R and ¢ so that d; = Rcos¢ and da = Rsinp. In this case,

y = die™ 2t cos 3t + dye ™! sin 3t
= Re 2 ( €os p cos 3t 4 sin ¢ sin 3t)
= Re " cos(3t — ). (3.16)

This last expression is the formula we are looking for. In this representa-
tion of the general solution, R and ¢ are arbitrary constants with R > 0.
The advantage of this form of the general solution is that it is much easier
to sketch the solution, and to determine its basic properties. Its downside
is that it can be a bit harder to find R and ¢ from the initial conditions
than the other two representations.
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3.5 » Summary for Solving a Homogeneous Equation

To solve
vy + by +cy =0, (3.17)

where b and ¢ are constants, assume y = e’t. This leads to solving the

characteristic equation 72 +br +c = 0, and from this the resulting general
solution is given below.

Two Real Roots: r = r1,ry (with 1 # rg).

y = cre™ + coe™ (3.18)

One Real Root: r = ).

y = c1e™ + cate (3.19)

Complex Roots: m = A £+ ip (with p # 0). Any of the following can be
used:

y = €M 4 et where ¢q, ¢o are complex-valued, (3.20)
y = die™ cos(ut) + doe sin(ut), where dy, dy are real-valued, (3.21)
y = ReM cos(ut — @), where R, ¢ are constants with R > 0. (3.22)

In what follows, (3.21) is used. The exception is in Section 3.10, where
(3.22) is preferred because it is easier to sketch.

Example 1: Find a general solution of y” + 2y’ — 3y = 0.

Answer: The assumption that y = €™ leads to the characteristic
equation 72 4+ 2r — 3 = 0. The solutions of this are r = —3 and
r = 1. Therefore, a general solution is y = cie 3! + coe!. W

Example 2: Find the solution of the IVP: y” 4+ 23/ = 0 where y(0) = 3

and y'(0) = —4.

Answer: The assumption that y = €™ leads to the characteristic
equation 72 + 2r = 0. The solutions of this are r = —2 and r = 0.
Therefore, a general solution is y = cie 2! + co. To satisfy y(0) = 3
we need ¢1 + ¢o = 3, and for ¢y/(0) = —4 we need —2¢; = —4.

This gives us that ¢; = 2, and ¢o = 1. Therefore, the solution is
y=224+1. N

Example 3: Find the solution of the IVP: 3" — 2y/ 4+ 26y = 0 where
y(0) =1 and ¥/ (0) = —4.

Answer: The characteristic equation is 2 — 2r + 26 = 0, and the
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solutions of this are r = 1+ 5¢ and r = 1 — 5i. Using (3.21), since
A =1 and p =5, the general solution has the form

y = die’ cos(5t) + dae’ sin(5t).

To satisfy the initial conditions we need to find 3/, which for our
solution is

= (dy + 5dz)e’ cos(5t) + (—5dy + da)e’ sin(5¢).

So, to satisfy y(0) = 1 we need d; = 1, and for 3/(0) = —4 we need
d1+5dy = —4. This means that do = —1, and therefore the solution
of the IVP is y = €' cos(5t) — e sin(5t). MW

Example 4: Find the solution of the IVP: ¢ — 9y = 0 where y(0) = —2

and y(t) is bounded for 0 < t < oc.

Answer: The assumption that y = €™ leads to the quadratic equa-
tion 72 = 9. The solutions of this are r = —3 and r = 3. Therefore,
a general solution is y = cre™3! + c2e3. To satisfy y(0) = 1 we
need ¢; + ca = —2. As for boundedness, e % is a bounded function
0 <t < oo but €% is not. This means we must take ca = 0. The
resulting solution is y = —2e¢3t. W

As you might have noticed, in the above examples the formula for
the roots in (3.10) was not used. The reason is that it is much easier
to remember the way the characteristic equation is derived (by assuming

yzert

, etc) than by trying to remember the exact formula for the roots.

Exercises

1. Assuming that z; = 1+ 4, and 2o = €**'5, find Re(z) and Im(z):

a)
b)

z2=2z1 —8 c) 2=z e) z = 2129
z=2izx d) z =21+ 42 f) 2= (22)°

2. Assuming 6 and ¢ are real-valued, show that the following hold:

a)

)
)
)
)

o

1 _ £) ei(0+2m) _ 16
L ) 0

1 a—1b g) iW0—p) — =
a+ib a2+ b2 e
et? ;é 0, ve h) [e?d) = —ie?? +c
e o0 i) cosf = 3(e" +e )
(619) e2i0 J) Sinf@ = %( 0 _ e—zé)
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3. Find the general solution of the given differential equation.

a) y' +y —2y=0 f) y" =6y +9y =0
b) 2y" + 3y —2y =0 g) 4y +4y +y=0
) y'+3y' =0 h)4y”+y=0

d) 44" —y=0 ) v/ =2y +2y=0
e)y' =0 i)y +2 +5y=0

. Find the solution of the IVP.

a) y' —y —2y=0, y(0)=0,y(0)=-1
b) 2y + 3y — 2y =0, y(0)=-10,4'(0)=0
)y +3y =0, y(0)=-1,4'(0)=-1
d) 5y" —y' =0, y(0)=-1,¢(0) =-1
) 3y —y =0, y(0)=3, y(t) is bounded for 0 < ¢t < co
)y 2y —y=0, y(0)=5, y(t) is bounded for 0 <t < oo
g) v +2y+y=0, y(0)=-1,y(0)=0
h) y" +9y =0, y(0)=-1,y(0)=-1
i) y” +2y +5y=0, y(0)=-19(0)=-
Dy =y +5y=0, y(0)=2,4(0)=1

R

. The roots of the characteristic equation are given. You are to find the

original differential equation (of the form given in (3.17)). If only one
value is given, that is the only root.

a) r=—1,1 c) r==£2 e) r=1 g) r=2=£5

b) r=3,5 d)r=0,2 f) r=0 h) r=42i

. Use the method of reduction of order to find a second solution ya(t),

and then show it is linearly independent of the given solution y; ().
a) (t+1)%" —A(t +1)y' +6y =0, yi(t)=(t+1)?

b) (t+3)y" —y +4(t +3)°y =0, wi(t) = sin(t* + 6t)

c) (t+ 1)y —(t+2)y +y=0, yi1(t)=¢

. Answer the following questions by either providing one example show-

ing it is true, or explaining why it is not possible.

a) Is it possible to find values for b and ¢ so that the solution of (3.17)
is such that lim; ,-, ¥y = 0, no matter what the initial conditions?

b) Is it possible to find values for b and ¢ so that the solution of (3.17)
is a bounded function of ¢, no matter what the initial conditions?

c) Is it possible to find values for b and ¢ so that the solution of (3.17)
is a periodic function of ¢, no matter what the initial conditions?
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8. Suppose y(t) satisfies the IVP: ¢y’ — 2y’ 4+ 2y = 0, where y(0) = —1 and
y'(0) = 0.
a) Without solving the IVP, determine 3" (0).
b) Without solving the IVP, determine y"’(0), y"”(0), and 3" (0).

c) Explain how it is possible to determine the Maclaurin series ex-
pansion of y(t) directly from the differential equation and initial
conditions.

3.6 = Solution of an Inhomogeneous Equation

We now turn to the problem of solving the inhomogeneous second-order
differential equation

L 3.23
a2 at cy = [(t). (3.23)

As with the homogeneous equation, the first task is to explain what form
a general solution will have.

Equation (3.23) shares a property with all linear inhomogeneous dif-
ferential equations. Namely, the general solution can be written as

y(t) = yp(t) + yn(t), (3.24)

where y, is a particular solution of the differential equation, and yp(¢)
is the general solution of the associated homogeneous equation.
That the solution can be written in this way was discussed for linear
first-order equations in Section 2.2.1. As you recall, we had solved the
problem and then made the observation that the solution can be writ-
ten as in (3.24). For the second-order problems we are now considering,
the situation is reversed, and we will use (3.24) to construct the general
solution.

The associated homogeneous equation for (3.23) is just

2
% + b% +cy=0. (3.25)
How to find the general solution of this has been discussed in some detail,
and formulas for the solution are given in Section 3.5.

So, what remains is to determine how to find a particular solution of
(3.23). As you should recall, a particular solution is any smooth function
that satisfies the differential equation. Since any function will do, we are
not really picky on how this function is determined. In fact, our go-to
method is nothing more than guessing what a particular solution might
be. For those who prefer a more systematic approach, an alternative
method is derived in Section 3.9. The guessing method, what is called
the method of undetermined coefficients, is considered first.
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3.6.1 = Non-Uniqueness of a Particular Solution

A particular solution is only required to be a solution of the differential
equation. It is possible, for any given differential equation, to have two
rather different looking functions both be particular solutions. As an
example, both y = 1 — ¢t and y = 1 — t + 3e! — 5e~2! are particular
solutions of y” + 4’ — 2y = 4t. To explain what’s going on here, the
general solution of the differential equation is

y=1—t+cie +cpe 2,
where ¢; and ¢y are arbitrary constants. A particular solution of this
equation is a solution with particular choices for ¢; and cy. For the two
particular solutions given earlier, the first has ¢; = ¢ = 0 and the second
has ¢; = 3 and ¢y = —5.
For the most part, when trying to find a particular solution we will
be looking for the case of when ¢; = ¢ = 0.

3.7 = The Method of Undetermined Coefficients

The objective is to be able to find a solution, any solution, that satisfies

d2y
—— 4+
dt? + dt

d
ey = ). (3.26)
Depending on f(t), it is often possible to simply guess a solution. To
illustrate, suppose the equation to solve is

Y’ + o + 2y = 5et. (3.27)

This equation is asking for a function y which if you differentiate it as
indicated and add the results together, then you get 5e3’. A function
that will generate €3 in this way is e3. In other words, it is reasonable
to expect that a particular solution will have the form y = Ae3’. Since
y' = 3Ae% and 3y’ = 9Ae3, then from the differential equation we require
that 14A4e3' = 5e3!. This will hold by taking A = 5/14, and therefore a

particular solution is y, = %63t.

Example 1: Find a particular solution of
y" — 2y +y=2cos4t. (3.28)

Answer: The functions which will, if you differentiate them once or
twice, generate cos(4t) are cos(4t) and sin(4t). So, the assumption
is that a particular solution can be found of the form

y = Acos4t + Bsin4t. (3.29)



56

Chapter 3. Second-Order Linear Equations

Since ¢y = —4Asin4t+4B cos4t, and 3y’ = —16A cos 4t — 16 B sin 4t,
then (3.28) requires that

(—15A — 8B) cos4t + (—15B + 8A) sin 4t = 2 cos 4t. (3.30)

The respective coefficients of the cos4t and sin 4t terms on the left
and right hand sides must be equal. This means that:

cosdt: —15A—-8B =2
sindt: —15B4+8A =0

Solving, we get that A = —30/289, and B = —16/289. Therefore,
a particular solution of (3.28) is
30

16
yp = —@ cos 4t — @ sindt. W (331)

The key observation coming from the last example is that if you be-
lieve a function needs to be included in the guess for y,, then all of its
derivatives must be included. So, looking at (3.28) you would expect that
cos(4t) needs to be part of the guess, which means you must also in-
clude sin(4t). You do not need to include 4sin(4t), or —4sin(4t), because
sin(4t) is multiplied by an arbitrary constant in the guess (3.29), and this
can account for any constant factors that might be generated by taking
a derivative.

There are two situations when this guessing approach runs into trou-
ble. One is easily fixable and this is demonstrated in the next example.
The other situation is not fixable, and the cause of the difficulty is illus-
trated in Example 7 below.

Example 2: Find a particular solution of
y" + 4y = 3cos 2t.

Answer: Given what happened in the last example, you would ex-
pect that to find a particular solution you would assume that

y = Acos2t + Bsin 2t.

However, both cos 2t and sin 2t are solutions of the associated ho-
mogeneous equation. Because of this, the guess would give us that
y"” + 4y = 0, no matter what the values are for A and B. The fix is
to take the guess, and for the terms that are solutions of the associ-
ated homogeneous equation, multiply them by ¢. So, the modified
guess for this example would be

y = t(Acos2t + Bsin2t).
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To check that this works, since
y' = Acos2t + Bsin 2t + t(—2Asin 2t + 2B cos 2t),
and
y" = 2(—2Asin 2t + 2B cos 2t) + t(—4A cos 2t — 4B sin 2t),
then from the differential equation we get
2(—2Asin 2t + 2B cos 2t) = 3 cos 2t.

Equating the coefficients of the cos 2t and sin 2t terms we get that
—4A = 0 and 4B = 3. Therefore, A =0, B = %, and a particular
solution is y, = %tsin 2t. N

When using the method of undetermined coefficients, the step that
requires the most thought is getting the guess correct. After that, it
is relatively straightforward to find the coefficients. Consequently, in the
examples below, only the appropriate guess is determined. In these exam-
ples, yp(t) is the general solution of the associated homogeneous equation,
and f(t) is the forcing function.

Example 3: What guess should be made for 3y’ — ¢/ — 6y = t3 + 27

Answer: Since f(t) = t3 + 2, then f' = 3t?, f" = 6t, and f” = 6.
So, a complete guess is y = At> + Bt?> + Ct + D. It remains to
make sure that none of the functions in this guess is a solution of
the associated homogeneous equation. Since y, = ci1e3 + coe %,
and the guess does not include e3* or e=2t, then our guess is, indeed,

complete. W

Example 4: What guess should be made for 3/ — ' — 6y = te™>'?

Answer: The initial guess is y = Ate™'. However, y = A(e ™' —

5te=®!), and this includes a new function e~. This must be in-
cluded in the guess, and so a complete guess is y = Ate ' + Be ™.
Finally, since yp, = c1€3 + coe ™2, and the guess does not include e3*
or e~ 2! then our guess is, indeed, complete. W

Example 5: What guess should be made for ¢/ — 3y — 6y = 4t> +1 —
sin(7t)?

The guess for f(t) = 4t + 1 is y = Agt® + A1t + Ay, and the guess
for f(t) = sin(nt) is y = Bpsinnt + By cos7t. So, for the equation
as given, a guess is

y = Aot + Ayt + Ay + Bysinnt + By cost.

Finally, since y;, = c1e3 +c2e™2!, and the guess does not include 3
or e 2! then our guess is, indeed, complete. W
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if f(t) contains then y,(t) contains all of the following
eat eat
cos(wt) or sin(wt) cos(wt), sin(wt)
t" At S |
tneat tneat tn—leat ce. et
e cos(wt) or e sin(wt) e cos(wt), e sin(wt)

Table 3.1. Guesses when using the method of undetermined coefficients. Note
that the exponent n must be a non-negative integer. Also, adjustments are needed if
yp(t) contains a solution of the associated homogeneous equation (see Examples 2 and
6 in Section 3.7, and Example 3 in Section 3.8).

Example 6: What guess should be made for 3" + 4y’ + 4y = 5e =27

Answer: The initial guess is y = Ae~%!. However, for this equation,
yp = cre 2t + cote™ and one of these functions appears in the
guess. The first modification y = Ate™2! also appears in yp,, and
this means we need to multiply by ¢t again. Therefore, the complete
guess is y = At?e™2. W

Example 7: What guess should you make if f(t) = In(1+¢)?

Answer: The initial guess is y = Aln(1 4 ¢). Its derivatives are
v =A/(1+vy), v = —-A/1+y)? ¢y =2A/(1 +t)3, etc. Unlike
the other examples, the list of different derivative functions does not
stop. In such cases, the method of undetermined coefficients should
not be used. So, the answer to the question is, there is no guess and
the method described in Section 3.9 should be used. M

In Example 1, we ended up with the equation
(—15A — 8B) cos4t + (—15B + 8A) sin4t = 2cos4t, Vt > 0.  (3.32)

To find A and B we equated the coefficients of the cos 4t and sin 4t terms
in this equation. This can be done because these functions are linearly
independent. However, this approach does not require that you prove the
functions are independent. Rather, if you think they might be, and you
then determine values for A and B so (3.32) is satisfied based on this
assumption, then you have found a particular solution.



3.8. Solving an Inhomogeneous Equation 59

3.7.1 =« Summary Table

Most textbooks on differential equations have a table for various guesses
that you should make for the method of undetermined coefficients. It is
much easier to just remember the rules used in formulate the guess, and
the earlier examples should be reviewed for the particulars. However,
some do find a table useful, and one is provided in Table 3.1. A few
comments need to be made about what is listed. First, if f(t) contains
t", as well as t" ™1, or t" 2, or "2, etc, then the guess for t" is all that you
need (see Example 5 above, or Example 1 in the next section). Second,
when solving (3.8), if one the functions in the left column is a solution
of the associated homogeneous differential equation the guess must be
modified. The needed modification was explained earlier (see Examples
2 and 6 above, or Example 3 in the next section).

3.8 = Solving an Inhomogeneous Equation

As stated earlier, the general solution of

Py | dy
can be written as
y(t) = yp(t) + yn(t), (3.34)

where y, is a particular solution, and yj, is the general solution of the
associated homogeneous equation. We now know how to find y, and yj,
and so we consider a few examples.

Example 1: Find a general solution of 3y’ — 3y + 2y = 5t — 3.

Step 1: Find y;,. The associated homogeneous equation is 3" —
3y’ +2y = 0. Assuming y = €"?, one gets the characteristic equation
2 —3r +2 = 0. The roots are 7 = 1 and r = 2, and so y, =

crel + coe?t.

Step 2: Find y,. The guess is y = At?> + Bt + C, which means
that v’ = 2At+ B and y” = 2A. Inserting these into the differential
equation we get that

2At* + (—6A + 2B)t + 2A — 3B + 2C = 5t* — 3.

The coeflicients of the respective ¢ terms on the left and right hand
sides must be equal. This means that:

2. 24 =5
th —6A+2B =0
t°: 24—-3B+20C=-3
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Solving, we get that A =5/2, B =15/2, and C' = 29/4.
Step 3: The general solution is

5 15 29
Y= §t2 + Et—i_ T +crel +ce®. A
Example 2: Find the solution of the IVP: ¢ —4y/ + 5y = 10 — €% where

y(0) = 3/2 and ¥'(0) = 0.

Step 1: Find y;,. The associated homogeneous equation is y” —
4y’ +5y = 0. Assuming y = €?, one gets the characteristic equation
r?2 —4r +5 = 0. The roots are r = 2 4 i, and so y, = cre? cost +

coetsint.

Step 2: Find y,. The guessis y = A+ Be3t, which means that
y' = 3Be3t and 3y’ = 9Be3. Inserting these into the differential
equation we get that

2Be3t + 54 = 10 — €%,

Equating the coefficients of the respective functions, 2B = —1 and
5A = 10. Solving, we get that A =2 and B = —1/2.
Step 3: The general solutionisy = 2— %e3t+cle2t cost+coe?t sint.

Step 4: To satisfy y(0) = 3/2 we need 3/2+c¢; = 3/2,s0¢; = 0. For
y'(0) = 0 we need —3/2 + ¢ = 0, giving co = 3/2. The conclusion
is that the solution of the IVP is

2t

1 3
y:2—763t+§e sint. W

2

Example 3: Find a general solution of 3" — 21/ = —3t2.

Step 1: Find y,. The associated homogeneous equation is y” —
2y = 0. Assuming y = e"’, one gets the characteristic equation

r2 —2r = 0. The roots are = 0 and r = 2, and so y;, = ¢ + cae?.

Step 2: Find y,. The initial guessis y = At?>+ Bt+C. However, one
of the terms in this guess is a solution of the homogeneous equation,
and so the guess must be modified to y = t(At?>+ Bt +C). Inserting
this into the differential equation we get that

6At + 2B — 2(3At* + 2Bt + C) = —31%.

Equating the coeflicients of the respective powers of ¢, we get that
—6A =-3,6A—4B =0, and 2B —2C = 0. Solving yields A =1/2,
B =3/4, and C = 3/4.

Step 3: The general solution is therefore

1
y:f@ﬁ+%+$+q+@ﬁ.l
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Exercises

1. Find a particular solution of the given differential equation.

a) y’ —y — 6y = 6e' i) o’ —2y +5y=>5t2+4
b) v + 3y’ + 2y = sinnt i) ¥+ 2y + 10y =3et +1
c) y” + 4y — 5y = 25¢t2 k) o' -3y =9t -6
d) y =e '+ 3cos2t 1) 3y" +9y — 2y = 12e 2t — 2¢!
e) 3 — 2y = 813 — 16t m) "8y 4+ 1Ty = e*sint
f) 8 2y’ —y—4+65sm2t n) y’ — 5y — 6y = —6sin(t +7)
g) ”+4y—5te o) y" + 3y + 2y = 20sin? ¢t
h) y” — 5y’ — 6y = 30t sin(3t) p) 4y” + 3y = 65sin(t) cos(t)

2. Find the general solution of the given differential equation from Exer-
cise 1.

3. Find the solution of the given IVP.
a) y" +y' =2y =12t, y(0) =0, y'(0) =0

b) y” +4y =82, y(0) =1, ¥/ (0) =0

c) ¥y —vy' =2sint, y(0) =1, y/(0) = -2

d) y" +3y" =9, y(0) =1, y'(0) =
) y” —|— 4y + 4y = 4e?, y(0) = 0, ¥/ (0) =0
) 4 =4e M2 11, y(0) =1, y(0) = —1
g) y” + 9y =—6 81n(3t) y(0)=1, 4 (0) =4
h) v + 2y + 5y = 4e”t, y(0) =2, /' (0) =0
i) 2y" — 2y +y=>5cost, y(0) = -1, y'(0) = -1

@)

—

4. For the following, determine a complete guess that can be used to find
a particular solution (you do not need to find the coefficients).

a) y +y 2y:t5—t2 f) y"+y’+2y:t36_2t
b) y" + 4y = tcost g) y' —y +6y=etcos3t
c) ' +4y=1t+sin2t h) 4y” —y=-2(t—1)7
d) vy — o —1—|—Slnt i — 2y 42y = e P cost

) y

e) y' +3y =1+4e3 j) ¥ + 4y = cos(2t + 3)

5. The idea underlying undetermined coefficients has nothing to do with
the differential equation being second-order. What is required is a
linear differential equation with constant coefficients. As an example,
for the first-order equation 3’ + vy = e?, the associated homogeneous
equation is 3/ +y = 0. So, y, = cet. A particular solution is found
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by assuming that y = Ae?, from which one gets A = 1/3. The general
solution is therefore y = 1 e?! 4+ ce~t. Finding the solution in this way
is easier than using an 1ntegrat1ng factor (which is the way it is done in
Example 1 of Section 2.2). Find the general solution of the following
first-order equations using the method of undetermined coefficients.

a) y — 6y = 2¢' e) y — 4y = 10t sin 2t
b) 3y’ + 2y = sinmt f) o — 6y = 14te ™t +2
c) v +3y—2t g 3y + 2y = et cos(t)

)
d) 5y —y=e"t+3t h) ' — 2y = cos(2t + 5)

3.9 - Variation of Parameters

When the method of undetermined coefficients works, it is relatively easy
to use it to find a particular solution. However, as illustrated in Example
7 of Section 3.7, it does not always work. In such cases, the method of
variation of parameters can be used. Interestingly, this method is also
based on a guess. Namely, to find a particular solution of

d?y dy
S ey = (1), (3.35)
it is assumed that
y = u1(t)yr(t) + uz(t)y2(t), (3.36)

where y; and yo are independent solutions of the associated homogeneous
equation. As you should notice, the guess (3.36) resembles the general
solution of the associated homogeneous equation. However, instead of
arbitrary constants, there are now unknown functions u; and us. Our job
is to find these functions. Although it might not appear to be significant
right now, we are looking for a single function, y,, yet our guess contains
two unknown functions. This means that we have the option to pick
one of these two functions anyway we wish. We will use this option to
advantage to find .

Our task is simple in that (3.36) must be a solution of (3.35). So, in
preparation for substituting (3.36) into (3.35) note that

Y = uiyr + uryh + ubys + usyh.

We now use the option of picking u; or us anyway we want. The specific
choice is that
uhyr + ubys = 0. (3.37)

So ¢y = w1y} + uayh, and v’ = wy] + ujy) + ueyh + uhyh. Substituting
these into (3.35), we get that

uiy) 4 uhyh + ui(y] + byl + cyr) +ua(yh 4+ bys +cy) = f. (3.38)
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Using the fact that y; and ys are solutions of the associated homogeneous
equation, then the above equation reduces to

uyy) + upys = f. (3.39)

Therefore, to find w; and wug, we must solve (3.37) and (3.39). This is
fairly easy. First, from (3.37), u, = —u{y1/y2. Inserting this into (3.39)
we get that

(yath — y1yp)uy = yaf.
This can be written as

—W(y1,y2)ul = y2f,

where W (y1,y2) is the Wronskian as defined in (3.6). Solving this gives

us that . (5)1(5)
y2(s)f (s

ui(t) = — ds. 3.40

0=~ [ 0o (3:40)

Inserting this into uh, = —u}y1/y2., and integrating, we obtain
t

y1(s)f(s)

us(t) = ds. 3.41

0= [ ) ) 4

The integration constants have not been included in (3.40) and (3.41) as
we are looking for a particular solution (versus the general solution of the
equation).

Therefore, the particular solution we have found is

(s)f(s) (s)f(s)

_ 7 . "owm )
0= || im0 ), )@

Example 1: Find a particular solution of 3" — 3y’ + 2y = t using varia-
tion of parameters.

Step 1: Find y; and ys. The associated homogeneous equation is
y" — 3y + 2y = 0. Assuming y = €?, one gets the characteristic

equation 72 — 3r + 2 = 0. The roots are r = 1 and r = 2, and so

y1 = e! and yp = 2.

Step 2: Find u;. Since W = y195 — yo/} = €, and f = t, then

from (3.40),
t 2s t
ui(t) = —/ c 335ds = —/ se”*ds.
o € 0

Using integration by parts yields u; = (1 +t)e™ — 1.
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Step 3: Find uy. From (3.41), and using integration by parts,

tess

t
1
ug(t) = ; eﬁds = /0 se 2%ds = 1 [1— (2t +1)e?].

Step 4: Collecting our results,

_ 1 _
yp = [(1+1)e t—l]et—l—z[l—(%—i—l)e e

13 , 1,
— S+ 2 _etr s m
gttty ety

3.9.1 « The Solution of an IVP

It is not hard to show that y,(t), given in (3.42), satisfies y,(0) = 0 and
y,(0) = 0. Therefore, the solution of the IVP

d*y o dy
— 4+ b= = f(t

where y(0) = yo and y/'(0) = vy, is
y(t) = cryi(t) + caya(t) + yp(t), (3.43)

where ¢; and ¢y are found by solving

c1y1(0) + c2y2(0) = o,
14 (0) + 25 (0) = yp. (3.45)

It needs to be remembered that y,(t) appearing in (3.43) is the particular
solution given in (3.42).

Example 2: Find the solution of the IVP: y" 44y = /t, where y(0) = 1,
and y'(0) = 0.

Step 1: Find y; and 2. The associated homogeneous equation is
y" + 4y = 0. Assuming y = €', one gets the characteristic equation

r?2 = —4. The roots are r = 24, and so y; = cos 2t and y, = sin 2t.
Step 2: Find u;. Since W = y1yh — y2y] = 2, and f = /%, then
from (3.40),

uy(t) = —/0 %\/Esin(Qs)ds.

The answer is left as a definite integral because it is not possible to
express it in terms of elementary functions.

Step 3: Find uy. From (3.41),

ug(t):/o %\/gcos(Qs)ds.
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Step 4: Solve (3.44) and (3.45). One finds that ¢; =1 and ¢2 = 0.
Step 5: Therefore, from (3.42) and (3.43), the solution is

y = cos(2t) + / V5[ sin(2t) cos(2s) — cos(2t) sin(2s)]ds

= cos(2t) /\/Esm (t—s))ds. W

A couple of comments need to be made about (3.43). First, it is the
solution of the IVP, irrespective of what continuous function f(t) is used.
It can also be adapted so it is the solution for more general problems
(see Exercise 3). A drawback is that it can require more work to find
the solution. As a case in point, it is much easier to do Example 1
using undetermined coefficients. However, for Example 2, undetermined
coefficients does not work, and this means that (3.43) is the method of
choice. The recommendation is to first consider whether undetermined
coefficients can be used, as it is usually fairly simple to carry out. It
also has the advantage that it is easier to remember than the variation of
parameters formula.

Exercises

1. Using variation of parameters, find a particular solution of the given
differential equation.

a) 2y" + 3y — 2y = 25e % d) o +3y =332 19
b) y’ —2y +2 =6 e) 5y’ —y =
c) y'+y' —2y=3n(l+1) £) 49" —y = 4sin(1 + £2)

2. Find the solution of the IVP where the differential equation comes
from the previous problem, and the initial conditions are y(0) = 1 and

y'(0) = 0.

3. The formula for a particular solution given in (3.42) applies to the more
general problem of solving y”+p(t)y'+q(t)y = f(t). In this case, y; and
19 are independent solutions of the associated homogeneous equation
y" + p(t)y + q(t)y = 0. In the following, show that y; and yo satisfy
the associated homogeneous equation, and then determine a particular
solution of the inhomogeneous equation.

a) 2y —t(t+2)y + (t+2)y = 2% yi(t) = ¢, ya(t) = te’
b) ty" — (t+ 1)y +y=te*; yi(t) =1+t ya(t) = ¢
c) 2y — 3ty +4y =12y (t) =12, ya(t) = 2 Int
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4. The Bessel equation of order p is t2y” + ty’ + (t* — p*)y = 0. In this
problem assume that p = %

a) Show that y; = sint/v/t and yo = cost/+/t are linearly independent
solutions for 0 < ¢t < oo.

b) Use the result from part (a), and the preamble in Exercise 3, to find

a particular solution of t2y" + ty’ + (> — 1/4)y = t3/2 cost.

3.10 = Linear Oscillator

We are now going to consider the problem that comes from the mass,
spring, and dashpot illustrated in Figure 3.1. The differential equation is

mu” + cu’ + ku = 0, (3.46)

where u(t) is the displacement of the mass from its rest position, with
positive in the upward direction. In this case, the velocity of the mass is
v =1/, and its acceleration is a = u”.

The physical interpretation of the terms in (3.46), and the basic prop-
erties of the solution, are described in the following pages.

Figure 3.1. Mass-spring-dashpot system.

3.10.1 = The Spring Constant

To begin, a spring of length ¢ is suspended as illustrated in Figure 3.2.
An object with mass m is then attached, which stretches the spring a
distance L. The forces on the object in this case are gravity, F,, and
the restoring force from the spring, F;. The gravitational force is just
F, = —myg, where g is the gravitational acceleration constant. The spring
force is determined using Hooke’s law, which states that the restoring
force is proportional to how much the spring is stretched. To translate
this into a mathematical formula, according to Hooke’s law, Fy = kL,
where k is the proportionally constant known as the spring constant.
The total force on the mass is F' = F; + F,. According to Newton’s
second law, F' = ma. Since the mass is at rest (so, a = v’ = 0), we get
that Fs + F, = 0. From this we obtain
mg
7
So, by measuring L, we can determine k from the above formula.

k= (3.47)
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Figure 3.2. Left: The original spring. Middle: The situation after the mass
1s attached, and at rest. Right: Displacement u(t) of the mass from its rest position.

3.10.2 = Simple Harmonic Motion

Now, with the mass attached, we set it in motion. For example, as il-
lustrated in Figure 3.2, the mass is pushed up and then released. The
equation governing the motion is, again, determined from Newton’s sec-
ond law. As before, the gravitational force is Fj, = —mg. From Hooke’s
law, the restoring force due to the spring is Fs = k(L — u), where u(t) is
the displacement of the mass from its rest position. Since F' = ma, and
the force in this problem is F' = Fy; 4 F}, we get the following differential
equation

mu” + ku = 0. (3.48)

To find the general solution of (3.48), from the assumption that u = e"*

the characteristic equation is found to be mr? +k = 0. This produces the

roots r = Fwyi, where
[ k
=4/ —. 3.49
o m ( )

From (3.22), the general solution can be written as
u = Rcos(wpt — ), (3.50)

where R > 0. This periodic function corresponds to what is called simple
harmonic motion. In this context, the coefficient R is the amplitude,
wo is the natural frequency, and the period is T' = 27 /wy. The argu-
ment 8 = wot — @ of the cosine is called the phase, and —¢ is the phase
shift, or the phase constant.

In terms of initial conditions, it is usual to specify the initial displace-
ment and the initial velocity. Together, these correspond to

uw(0) = ug, and u'(0) = uy, (3.51)
where uy and uj, are given. To satisfy these, from (3.50), we get that

R cos(p) = up, (3.52)

Rsin(p) = U (3.53)

wo
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u'(0) /wo 5
¢
,// R r\ \\‘
! —>
\\\\ //’ U(O)
\\ //

Figure 3.3. The initial conditions as expressed in (3.52) and (8.53), located
using the black dot, and the value of R and .

Finding R: Using the identity cos?(¢) + sin?(¢) = 1, it follows that,

R=y|u2+ (1‘)2)2 (3.54)

Finding ¢: The value for ¢ depends on whether uy and u(, are positive
or negative, as illustrated in Figure 3.3. Because sinf and cos 8 are
2m-periodic, the value for ¢ is not unique. Usually we will use the
value that satisfies —m < ¢ < 7. So, from Figure 3.3, if ug = 0
and u{, > 0, then ¢ = /2. Similarly, if up = 0 and u, < 0, then
¢ = —7/2. In the case of when ug # 0, you can take the ratio of
(3.53) with (3.52) to obtain

/
u
tan(p) = —2— .
wouo

The principal value of the arctan function is denoted as Arctan, and it
satisfies —5 < Arctan(s) < 5. This is the value most calculators, or
programs like MATLAB or Python, give when evaluating arctan(s).
So, setting s = u(/(woup), the resulting value of ¢ is shown in Figure
3.4. For example, if ug > 0, then ¢ = Arctan(s), and if ug < 0 and

ugy > 0, then ¢ = Arctan(s) + 7.

u(0) /wo 5
@ = Arctan(s) + 7 | ¢ = Arctan(s)

L.
»

u(0)
¢ = Arctan(s) — 7 | ¢ = Arctan(s)

Figure 3.4. The value of ¢ using the principal value of the arctan function,
where s = ug /(woto).
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0 tq t1+T ty +2T
t

Figure 3.5. Simple harmonic motion solution for Example 1.

Example 1: A 9kg mass is attached to a spring, stretching it 1@0 m. The
mass is then set into motion by pulling it down 2 m and releasing it with
an upward velocity of 1m/s. Assume that g = 10m/s?.

Question 1: What is the value of the spring constant?
Answer: Since m = 9kg and L = ¥m, then from (3.47) we get

9
that k = 81kg/s? .

Question 2: Find the resulting simple harmonic motion, and then sketch
the solution.
Answer: The initial conditions are u(0) = —2, and «/(0) = 1. Also,
from (3.49), wp = 3, and this means, using (3.50), that the general
solution is u = Rcos(3t — ¢). From (3.54), the amplitude is R =
V37/3. As for ¢, from Figure 3.4, ¢ = Arctan(—1/6) + 7. The
resulting solution is shown in Figure 3.5. In this case, the period is
T = 2w /wy = 27/3.

Question 3: When is the first time that u(t) = R?
Answer: The solution is u = Rcos 6, where the phase is § = 3t — .
Given that /2 < ¢ < 7, the linear function 6(¢) is shown in Figure
3.6. Now, cosf = 1 when 6 = 0, 27, £4m, - - -. According to Figure
3.6, for t > 0, the first possible value is # = 0 and this occurs when
t = ¢/3. This is labeled as t; in Figure 3.5. W

ey

— T =+

91\

Figure 3.6. Phase function 0 for Example 1.
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It is worth mentioning that the curve in Figure 3.5 can be sketched
just knowing the initial conditions. The reason is that the solution of a
simple harmonic motion problem is just a cosine curve that has amplitude
R. So, in Figure 3.5 the solution starts at « = —2 and has a positive slope
since u/(0) = 1. The curve then oscillates between the lines u = R and
u = —R, where R is known from the initial conditions. What you do not
know is the period 7. In fact, as shown in (3.49), the natural frequency,
and therefore the period, are independent of the initial conditions.

3.10.3 - Damping

We will now include a damping mechanism. It is assumed that the damp-
ing force is proportional to the velocity. For the mass-spring system the
resistance is usually illustrated as a dashpot, as shown in Figure 3.1. Ir-
respective of exactly what mechanism is involved, the result is that the
damping force is Fy = —cv, where v = o/ is the velocity, and c is the
damping constant and it is non-negative. From the equation F' = ma,
and the fact that F' = F, + F, + F}, the resulting differential equation is

mu” + cu' + ku = 0. (3.55)

Finding the general solution is straightforward. Assuming u = e",

then the resulting characteristic equation is mr? + cr +k = 0. The roots
are

r:—m(fc:lz 62*4771]{;). (3.56)

Just as in Section 3.5, there are three cases to consider. The only differ-
ence now is that certain terminology is introduced to identity the cases.

Over-damped: This means that the damping constant is large enough
that ¢ > 4mk. In this case both roots are real-valued, and the resulting
general solution is

u=cre"" + coe’, (3.57)
where r; = ﬁ( —c++Vc?— 4mk:) and 9 = ﬁ( —c—+c? — 4mk:). It

is worth noting that the roots are both negative. Therefore, no matter
what the initial conditions,
lim u = 0. (3.58)
t—o0
Critically damped: This means that the damping constant has just
that right value that ¢ = 4mk. So, there is one root, and the resulting

general solution is
u = (c1 + cot)e™, (3.59)

where r = —c¢/(2m). So, as for the previous case, no matter what the
initial conditions, (3.58) holds.
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Figure 3.7. Response of a damped mass-spring system, depending on the
strength of damping that is present. The dashed red curves in the two lower graphs are
the functions £Ret, where A = —c/(2m).

Under-damped: This means that the damping constant is small enough
that ¢ < 4mk. The roots are complex-valued, and the resulting general
solution is

u = Re* cos(ut — ), (3.60)

where A = —¢/(2m), and pu = vV4mk — ¢2/(2m). The solution is not
periodic, but it is oscillatory with an amplitude Re™ that decays to
zero (assuming, of course, that ¢ > 0). Consequently, no matter what
the initial conditions, (3.58) holds.

One conclusion coming from the above discussion is that because of
damping, no matter what the initial conditions, the solution decays ex-
ponentially to zero. The role of damping, and how it affects the solution,
is explored in the next examples.

Example 2: For a mass-spring-dashpot system, suppose that m = 2,
k=1, and ¢ = 1. Also, assume that the initial conditions are u(0) = 1,
and u/(0) = 2.

Question 1: What is the solution?
Answer: From (3.56), the roots are r = (—1 £1i+/7)/4. So, this is a
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case of under-damping, with A = —1/4 and p = /7/4. From (3.60),
the general solution is

u= Re * cos(i\f?t - gp). (3.61)

To satisfy the initial conditions, we need Rcosy = 1, and Rsinp =
9/+/7. From this we get that R = 2,/22/7, and ¢ = Arctan(9/v/7).

Question 2: Sketch the solution.

Answer: From (3.61), we know that the solution oscillates between
Re "% and —Re~'/*. These are the red dashed curves in Figure 3.7
(the under-damped plot). Since u/(0) > 0, then the solution starts
out at u(0) = 1, and moves upward. From that point on it simply
bounces back and forth between the red dashed curves.

Question 3: When is the first time that u(t) = 07

Answer: Writing the solution as u = Re~%/*cos 6, the phase func-

tion is 0 = %\ﬁt — . Sketching this as in Figure 3.6, but now with
0 < ¢ < /2, it is seen that the first time cos§ = 0 is when 0 = 7/2.
Consequently, t = 2[r + 2Arctan(9/v/7)]/vV7. B

Example 3: For a given mass-spring-dashpot system, how does the so-

lution change as the damping coefficient changes?

Answer: Taking m = 2, k = 1, then r = (— c+ Ve — 8)/4. Us-
ing the initial conditions u(0) = 1, and u/(0) = 2, the resulting
solution is shown in Figure 3.7, for different values for the damp-
ing constant. The values used give rise to: over-damping (¢ = 6),
critically damped (¢ = v/2), under-damped (¢ = 1), and weakly
damped (¢ = 1/40). To say it is weakly damped means that it
is under-damped, and c¢ is so small that the solution resembles the
periodic solution of an undamped oscillator, at least at the begin-
ning. Eventually, the damping does reduce the amplitude enough
to be noticeable.

For over-damping, and critical damping, except near the beginning,
the solution simply decays monotonically to zero. In comparison,
for both under-damped cases the solution oscillates as it decays to
zero. In both cases the solution bounces back and forth between
the two dashed red curves, which are just the functions Re* and
—ReM. W

3.10.4 - Forced Motion and Resonance

It is often the case that the mass is subjected to an external force f(t).
This would arise, for example if someone was pushing on the mass, similar
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to what happens when you push someone in a swing. In this case, the
total force is F' = Fy+Fy+Fy+ f(t), and the resulting differential equation
is

mu” + cu' + ku = f(t). (3.62)

Of particular interest is the case of when the forcing is periodic and
there is no damping (so, ¢ = 0). The specific equation to solve is

mu” + ku = Fy cos wt, (3.63)

where w is the driving frequency, and Fy is the amplitude, of the forcing
(both w and Fj are positive). Assuming u(0) = «/(0) = 0, the resulting
solution is
? —F7(7)”Lw2 (cos(wt) - cos(wot)>, if w# wo,
- (3.64)
Fo
2vkm
where wyp is given in (3.49).

What is of interest here is that, when the system is driven at its
natural frequency wq, the solution is an oscillatory function whose ampli-
tude Fyt/(2vkm) becomes unbounded as ¢ increases. This happens even
though the amplitude of the forcing is constant. This is an example of
what is called resonance. An example of a resonant solution is shown in
Figure 3.8(upper).

Resonance is a particularly important phenomena in science and en-
gineering, and it is often something that is to be avoided. As an example,

tsin(wot), if w=wy,

12 _________ [ —— p—— p— p— p— p—
=1 0
A2 === e E AU R S VoV V¥V V]
0 100 200 300 400

Figure 3.8. Upper: Resonant solution given in (3.64) when w = wo = 1/3,
Fo=1,m=9 and k = 1. The red dashed lines correspond to £Fot/(2v/km). Lower:
Solution when a dashpot, with ¢ = 1/4, is included. The red dashed lines correspond to
+R, where R is given in (3.66).
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a wing on an airplane can go into a flapping motion. This can be mod-
eled as a forced simple harmonic oscillator, and under certain conditions
the wing can start to go into resonance. This is known as flutter, and
the resulting large oscillations can lead to the wing breaking off (which
can be upsetting to those in the airplane). What is a concern is that
this will happen no matter what the value of Fp, as long as it’s nonzero.
So, even a very small force, what would normally be considered to be
inconsequential, can lead to extremely large oscillations.

Stopping Resonance

One way to avoid resonance is to include a damping mechanism in the
system. With the dashpot we introduced earlier, the equation to solve is

mu” + cu' + ku = Fyy cos wt. (3.65)

The forcing no longer contains a solution of the associated homogeneous
equation, and so resonance will not occur. However, it is often the case
that the damping is weak. This means that if w = wg, then the solution
will start out like it’s going into resonance, but eventually the damping
will stop this. An example of what happens is shown in Figure 3.8, lower.

This brings us to the question to be considered. Using the flutter
example, the question is: we don’t want the wings to break off, so just
how large do the oscillations get before the damping stops this? To an-
swer this, it is the particular solution that is responsible for the growing
oscillations. So, for the weakly damped case we are considering, only the
particular solution is considered. To find the particular solution of (3.65),
the assumption that © = A coswt+ B sinwt leads to the requirement that
A and B satisfy

m(wi — w?)A+ cwB = Fy,
—cwA +m(wi —w?)B =0.
From this one obtains

m(wg — w?) cw

c2w? + m?(wd — w?)? 0 cw? + m?(wg — w?)? 0

Now, to determine the amplitude of the resulting oscillation, it makes
things easier to write the solution in the form u = Rcos(wt — ¢). This
requires that Rcos¢ = A and Rsinp = B, and therefore

1
R=+A2+B2= Fp. (3.66)

\/c2w2 + m2(wi — w?)?

The amplitude R is plotted in Figure 3.9 as a function of the driving
frequency w in the particular case of when Fy =1, m =1, and k = 1/2.
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Figure 3.9. The amplitude (3.66) of the forced, but damped, oscillator, as a
function of the driving frequency. Note that wo is the natural frequency of the undamped
oscillator.

What is seen is that the smaller the damping coefficient ¢, the more peaked
the response becomes. Also, the peak response occurs at a frequency
smaller than the natural frequency wg, but this difference decreases as ¢
is reduced.

Our flutter question is answered by determining what driving fre-
quency w gives the largest value for R. Taking the derivative of R with
respect to w, and setting it to zero gives us that w = wjs, where

wyr = \/wE — w? (3.67)

and w, = ¢/(v/2m). The resulting maximum for R is therefore

1
Ry=——=—"FR,. (3.68)
2 1

c\Jwp — 3w?
Now, suppose that for the flutter problem it is found experimentally that
the wings won’t break off if the amplitude of the oscillation satisfies R <
Ry. Based on our calculations, this means that the damping coefficient ¢
must be large enough that Ry; < Ry.

Reality Check: The resonance phenomena considered here is not possible
for the mass-spring system envisioned in Figure 3.2. As the oscillations
grow, as predicted by (3.64), they will eventually get to the point that
the mass will start banging up against the upper support. Presumably,
as the amplitude grows, our linear model is no longer valid, and a more
physically realistic, nonlinear, model is necessary. Even so, the linear
model is useful as it provides information about the onset of resonance.

Units and Values: In the exercises, the value to use for g is usually stated.
If it is not given, then you should leave g unevaluated. Whatever value is
used, it is only approximate. If a more physically realistic value is needed,
then you should probably use the Somigliana equation. Finally, weight
is a force, so for an object that weighs w lbs, its mass can be determined
from the equation w = myg.
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Exercises

In answering the following questions, do not numerically evaluate numbers
such as v/2, /3, €2, In(4/3), etc. The exception to this is when the
question explicitly asks you to compute the answer.

1.

Write the following in the form u = R cos(wot — ¢).
a) u = cos 3t +sin 3t c) u:—% 3cost +sint
b) u = v/3cosmt — sinnt d) u= —4cos2t — 4sin 2t

. Assuming u = Rcos(wot — ¢), you are to use the given initial condi-

tions to determine R and ¢. You can assume that wg = 1.

a) u(0) =0, u/(0) =2 d) u(0) = =2, ¥/(0) = -2
b) u(0) = 0, u'(0) = —2 e) u(0) =1, u/'(0) = —/3
c) u(0) =2, u/'(0) =2 f) w(0) = —1, v/(0) = /3

You are to sketch the simple harmonic oscillator curve that has the
following initial conditions. Make sure to state the value of R (the
value of T is not determinable from the information given).

a) u(0) =2, v/(0) = -1 ¢) u(0)=1,4/(0) =0
b) u(0) =0, v/(0) = —2 d) u(0) = =2, ¥/(0) = -2

A block weighing 21b stretches a spring 6 in. Assume that the mass
is pulled down an additional 3in and then released from rest. Assume
that g = 32ft/s2.

a) What IVP does u(t) satisfy?

b) What is the solution of the IVP?

¢) What is the natural frequency, period, and amplitude of the motion?
d) Sketch the solution for 0 < ¢ < 3T.

e) Is the restoring force in the spring ever zero? What is the minimum
value of the force in the spring?

. A mass of 100gm stretches a spring %m. Assume that the mass is

pulled down a distance of 1 m, and then set in motion with an upward
velocity of 2m/s. Assume that g = 10m/s?.

a) What IVP does u(t) satisfy?

b) What is the solution of the IVP?

¢) What is the natural frequency, period, and amplitude of the motion?
d) When does the mass first return to its steady state position?

e) Sketch the solution for 0 < ¢ < 37T.

f) What is the first time the force F' is zero?
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7

6.

A mass of 1kg stretches a spring 10cm. Assume that the mass is
pushed upward a distance of 5cm, and then set in motion with a
downward velocity of 50 cm/s. Assume that g = 10m/s?.

a) What IVP does u(t) satisfy?

b) What is the solution of the IVP?

¢) What is the natural frequency, period, and amplitude of the motion?
d) Sketch the solution for 0 < ¢ < 3T.

e) What is the largest value of the restoring force in the spring? When
is the first time it equals this value?

According to Archimedes’ principle, an object that is completely or
partially submerged in water is acted on by an upward (buoyant) force
equal to the weight of the displaced water. You are to use this for
the following situation: A cubic block of wood, with side | and mass
density p, is floating in water. If the block is slightly depressed and then
released, it oscillates in the vertical direction. Derive the differential
equation of motion and determine the period of the motion. In doing
this let pg be the mass density of the water, and assume that pg > p.

In a mass-spring system, suppose the mass is pulled down a distance
d and released from rest.

a) If the resulting natural frequency is 10s~! when d = 0.1 m, what is
the natural frequency when d = 0.2m?

b) Suppose the amplitude of the motion is 0.1 m. Is it possible to
change the initial velocity, keeping d unchanged, so the amplitude
of the motion is 0.2m?

c¢) Suppose the natural frequency is 10s~! when d = 0.1m. Is it
possible to change the initial velocity, keeping d unchanged, so the
natural frequency is 205717

Damping

9.

10.

A block weighing 161b stretches a spring 6in. The mass is attached
to a viscous damper with a damping constant of 21bs-s/ft. Assume
that the mass is set in motion from its equilibrium position with a
downward velocity of 4in/s. Also, assume that g = 32 ft/s?.

a) What IVP does u(t) satisfy?

b) What is the solution of the IVP?

¢) Sketch the solution for 0 < t < 7/15/5.

d) What is the largest value of u(t)?

Suppose you construct a mass-spring-dashpot system as shown in Fig-
ure 3.1. In this problem assume that g = 10m/s.
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11.

12.

13.

a) If the spring is stretched 1—10 m by a force of %N, what is the spring
constant?

b) If the dashpot exerts a force of —3 N when the velocity is 1m/s,
what is the damping constant?

c¢) Suppose the mass is %kg, and it is pulled up 1m from its rest
position and given an initial downward velocity of 2m/s. What
IVP does u(t) satisfy?

d) What is the solution of the IVP?
e) Sketch the solution for 0 < ¢ < 107.

The general solution for the under-damped case is given in (3.60).
Suppose the initial conditions are u(0) = ug and u/'(0) = .

a) Show that
ul) — Mg\
i

b) How does Figure 3.3 change?
c) What are R and ¢ if uj = 0?

It is often stated that “the key difference between critical damping and
overdamping is that critical damping provides the quickest approach
to zero amplitude.” However, this statement is not true. This problem
investigates this for the case of when m = 1, k = 4, u(0) = 1, and
u'(0) = —4.

a) Find the solution when ¢ = 5, which is the over-damped case, and
when ¢ = 4, which is the critically damped case. Sketch both
solutions on the same axes. Explain why the statement is not true.

b) Solve the two problems in part (a) but use the general initial condi-
tions u(0) = up and u/(0) = u;. Use this to explain how to modify
the statement so that it is true.

It is usually stated that negative damping is unstable. For the mass-
spring-dashpot system, negative damping means that c is negative.
From the solution, explain why the system is unstable for any nonzero
initial conditions.

Resonance and Forced Motion

14.

A block weighing 41b stretches a spring 1.5in. Assume that the block
is acted on by a periodic forcing as in (3.63), with Fy = 31b and
w = 16 /sec. At the start, the block is not moving and it is at its rest
position. Assume that g = 32 ft/s2.

a) What IVP does u(t) satisfy?
b) What is the solution of the IVP?
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c) Sketch the solution for 0 <t < .

15. Suppose that a spring-mass system is at rest but, starting at ¢ = 0,
the mass is subjected to a force of 5cos 3t N. Assume that the mass is
2kg, and the spring constant is 18 kg/s?.

a) What IVP does u(t) satisfy?
b) What is the solution of the IVP?
c¢) Sketch the solution for 0 <t < 4.

16. Suppose the forcing in (3.65) is replaced with Fysinwt. Does this
change (3.66)?

17. This exercise considers what happens when the forcing in (3.65) con-
sists of a combination of driving frequencies.

a) Suppose the forcing is
Fy coswyt + Fi coswit + F5 coswat,

where the F;’s are nonzero, and the w;’s are all different, with wyq
given in (3.49). Does resonance still occur?

b) Suppose the forcing is Fj coswyt coswit, where Fy is nonzero, wy #
wp, and wp given in (3.49). Does resonance still occur?

3.11 « Euler Equation

Although second-order equations with constant coefficients are the ones
that most often arise in applications, there is a notable exception to this
statement. This is the Euler equation, which is

dy

2y, =0 3.69

Fro) + T +cy =0, (3.69)
where b and c are constants. The reason this equation arises as often as
it does is that it comes from using polar coordinates when solving what
is known as Laplace’s equation (see Section 7.8.2).

A complication that arises with (3.69) is that it is not a second-order
differential equation when z = 0. For this reason, z = 0 is referred to
as a singular point for the equation. This is an issue as it is often the
case that the interval used when solving Euler’s equation has the form
0 <z < L. What condition, if any, you can impose at = 0 is a question
we will consider below.

In what follows it is assumed that = > 0. Solving (3.69) is rather easy,
as one just assumes a solution of the form y = 2”. Since 3 = ra"~! and
y" =r(r —1)z"2, then from (3.69 ) we get that

X

r(r—1)+br+c=0, (3.70)
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The solutions of this quadratic equation are

r:%(l—bi\/m). (3.71)

Just as in Section 3.3, what happens next depends on the values of r
obtained from this solution.

Two Real Roots

When there are two real-valued roots, say, r; and 73, then the two cor-
responding solutions of (3.13) are y; = 2™ and yo = 2. It is left as an
exercise to show they are independent. Therefore, the resulting general
solution of (3.13) is

y=ciz" +cx”, (3.72)

where ¢; and co are arbitrary constants.

One Real Root

When there is only one root, then you use reduction of order. This means

that to find a second solution, assume that y = w(x)z". Proceeding as

in Section 3.3.2, one finds that w = Inx. Therefore, the resulting general
solution of (3.13) is

y=ciz" + cyln(x)z",

where ¢; and co are arbitrary constants.

Complex Roots

In this case, the roots can be written as r = A £ iu, where
1
A= 5(1 —b), (3.73)

and

p= e (3.74)

2

It is assumed here that 4c > (1 — b)2. Writing the general solution as
in (3.72), and then separating into real and complex parts using Euler’s
formula, one finds that the resulting general solution can be written as

y = dia” cos(plnx) + doa? sin(pIn z), (3.75)

where d; and dy are arbitrary constants.
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3.11.1 - Examples

Example 1: Find the solution of z%y” + 2zy’ — 6y =0, for 0 < z < 2,
that is bounded for 0 < z < 2 and satisfies y(2) = 1.

Answer: Substituting in y = 2", one gets the equation 2 +7—6 = 0.
The solutions of this are r = —3, and r = 2. So, the general solution
of the differential equation is y = c;z ™2 + cox®. The requirement
that y is bounded means that ¢; = 0. As for y(2) = 1, we need

co = 1/4. Therefore, the solution is
L o

y(z) = Vi [

Example 2: Find the general solution of 422y"+17y = 0, for 0 < = < oo.

Answer: Substituting in y = x", one gets the equation 472 — 4r +
17 = 0. The solutions of this are r = 1 £ 2i. So, from (3.75), the
general solution is

y = div/zcos(2Inz) + doy/zsin(2Inz). W

Exercises

1. Assuming x > 0, find the general solution of the following Euler equa-

tions.
a) 2%y" —3xy +4y=0 f) 5x2y" + 122y +2y =0
b) 2%y” — 5y’ + 10y =0 g) 2%y +xy =0
c) 622y +Tay —y=0 h) = 2” — 22y =0
d) a%y" +y =0 i) zy”—xy—n(n+2)y=07
e) 2%y —3zy + 13y =0 where n is a positive integer

2. Find the solution of the following problems. Before doing these prob-
lems, you might want to review Exercise 3, on page 65.
a) x%y" — 2xy’ + 2y = 23e*, where y(1) = 0, and ¢/(1) =0
b) x 2 y" — 4xy’ + 4y = —22% + 1, where y(1) =0, and 3/(1) =0
) x 2 y" —zy' +y =Inz, where y(1) =0, and 3/(1) =0
d) zy” +y' =z, where y(1) = 1, and y/(1) = —1
e) ( 1)%y" + (x — 1)y —y =0, where y(2) =1, and 3/(2) =0

o

3.12 = Guessing the Title of the Next Chapter

Since Chapter 2 is about first-order equations, and this chapter is about
second-order equations, you might expect the next chapter to be about
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third-order equations. This was often how older textbooks were written,
where the next chapter would be titled Higher-Order Equations, or some-
thing similar. Although it is possible to find applications that involve
higher-order equations, such as viscoelasticity, they are not that com-
mon. Moreover, the usual method for solving higher-order equations is
to first rewrite them in system form. This is certainly the approach used
when solving them numerically. Well, as it turns out, the next chapter is
about linear systems and the following chapter is on nonlinear systems.
So, although third-order and higher equations are not considered in this
text, the methods used to solve them are.



Chapter 4

Linear Systems

This chapter, and the one that follows, consider problems that involve
two or more first-order ordinary differential equations. Together the equa-
tions form what is called a first-order system. These are very common.
To explain why, it is worth considering a couple of examples.

Example 1: Mechanics

As stated on several occasions earlier in this text, one of the biggest
generators of differential equations is Newton’s second law, which states
that F' = ma. To demonstrate its connection with a system of differential
equations, let z(t) denote the position of an object. The velocity is then
v = 2/(t), and the acceleration is a = 2’ (t). So, F' = ma can be written
as mv' = F. Along with the equation 2’ = v, the resulting system is

dx
- — U7
dt
dv 1
—=—F
dt  m
As an example, for a uniform gravitation field, and including air resis-
tance, then F' = —mg — cv (see Section 2.3.2). In this case, the system
becomes
=,
, c
v =—g— —u.
m

This is a linear first-order system for « and v. It is also inhomogeneous
since x = 0 and v = 0 is not a solution. M

Introduction to Differential Equations, M. H. Holmes, 2023

83
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Example 2: Epidemics

Epidemics, such as the black death, COVID-19, and cholera, have come
and gone throughout human history. Given the catastrophic nature of
these events there is a long history of scientific study trying to predict
how and why they occur. One of particular prominence is the Kermack-
McKendrick model for epidemics. This assumes the population can be
separated into three groups. One is the population S(t) of those suscepti-
ble to the disease, another is the population I(¢) that is ill, and the third
is the population R(t) of individuals that have recovered. A model that
accounts for the susceptible group getting sick, the subsequent increase in
the ill population, and the eventual increase in the recovered population
is the following set of equations [Holmes, 2019]

ds

Y kST

dt IS7

dl

— = —kol + k151
dt 2+157
dR

— = kol.

e~ "?

Given the three groups, and the letters used to designate them, this is an
example of what is known as a SIR model in mathematical epidemiology.
For us, this is an example of a nonlinear first-order system for S, I, and
R. The reason it is nonlinear is the ST term that appears in the first two
equations.

As you might expect, solving a nonlinear system can be challenging.
So, in this chapter, we will concentrate on linear systems. In the next
chapter, nonlinear problems are considered.

4.1 =« Linear Systems

To get things started, consider the problem of solving

' = ax + by,
y = cx +dy. (4.2)
This is a first-order, linear, homogeneous system. In these equations, z(t)

and y(t) are the dependent variables, and a, b, ¢, and d are constants.
This can be written in system form as

o) (9)C)

A simpler way to write this is as

%x = Ax, (4.3)
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where the vector is

and the matrix is

A-[®? 4.4
“\e d)’ (4.4)

The equation in (4.3) plays a central role throughout this chapter. Written
in this way, we could be dealing with 20 equations, or 200 equations, and
not just the two in (4.1) and (4.2).

For those a bit rusty on the basic rules for working with matrices and
vectors, a short summary is provided in Appendix A.

Before getting into the discussion of how to solve (4.3), it is worth
considering what we already know about the solution.

4.1.1 « Example: Transforming to System Form

In Section 3.5, Example 1, we found that for
v +2y -3y =0 (4.5)

the roots of the characteristic equation are r; = —3 and ro = 1. The
resulting independent solutions are y; = e 3! and yp = €. In this exam-
ple, the differential equation, along with its solutions, are translated into
vector form.

Write (4.5) as a linear first-order system as in (4.3).

The standard way to do this is to let v = ¢/, so the differential equation
can be written as v’ + 2v — 3y = 0, or equivalently, v' = 3y — 2v. This,
along with the equation y’ = v, gives us the system

/_
y—U,

v =3y — 2u.

In other words, we have an equation of the form (4.3), where

Y 0 1
X = , and A= .
v 3 -2

Write the two linearly independent solutions in vector form.

For y; = =%, then v; = y] = —3e 3. Letting x; be the solution vector
coming from vy, then

—3t
Y € 1 —3t rit
e (m) N (—36_3t) N (—3>€ St
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where r1 = —3 and

(1)

Similarly, since vy = y5 = €', then letting x5 be the vector version of ys,

et 1
Xo = <y2> _ ( . — et — a26T2t7
V9 e 1

where 7 = 1 and
1
as = )
>~ 1

Write the general solution in vector form.

The general solution for the second-order equation is y = c1y1 + coyo.
From this, we get that v = v = c1y] + coyh. Therefore, the general
solution vector is

< — v\ _ [(anrtcy2)  [an n C2Y2
v c1yh + coyh 1Yy Coyh

=c1X] +coxo. N (46)

A very useful observation to make about the above example is that
the linearly independent solutions have the form x = ae’, where a is
a constant vector. In fact, when the time comes to solve (4.3) we will
simply assume that x = ae’, and then find r and a. Also, note that
for the single linear equation =’ = ax, there is one linearly independent
solution. As the above example shows, for two linear first-order equations
there are two linearly independent solutions. Consequently, it should not
be a surprise to find out that for n linear first-order equations there are
n linearly independent solutions.

4.1.2 = General Version

We are going to consider solving homogeneous linear first-order systems.
Assuming there are n dependent variables, then the system can be written
as

/
T] = a1121 + a12T2 + -+ - A1pTy

/
Ty = 2121 + A22T2 + -+ - A2 Ty

/
T, = Ap121 + ap2x2 + - - - Appln,
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where the a;;’s are constants. This can be written as
d
—x = Ax 4.7
Cx = Ax, (47)

where A is an n X n matrix, and x is an n-vector, given, respectively, as

X
ail a2 - Qg !
a1 a2 e a2n T2

A= ] ] ] and x=
anl Aanp2 s Ann T,

For an initial value problem, an n-vector xy would be given, and the
condition to be satisfied would be x(0) = xo.

Because (4.7) is linear and homogeneous, the principle of superposition
holds (see page 5). Therefore, if x; and x3 are solutions of (4.7), then

X = C1X1 + C2X9

is a solution for any values of the constants ¢; and cs.
As a final comment, the inhomogeneous equation %X = Ax+f is not
considered in this chapter, but it is considered in Section 6.8.

Exercises

1. Write the following as x’ = Ax, making sure to identify the entries in
x and A. If initial conditions are given, write them as x(0) = xo.

a) v =u—v d) v =u—v
v = 2u — 3v v = 2u — 3v
b) 2u' = —u u(0) =—1,v(0) =0
W =u+v e) ' =2z — 2z
c) ' =x—y+22 Y =x+y+z
Yy == 32 =2y +62
2= —x+5y z(0) = -1, y(0) =0, 2(0) =3

2. For the following: i) Write the equation in the form x' = Ax. ii) Find
the general solution of the second-order equation and then write it in
vector form as x = c¢1X1 + caXo, where x; = aje’!? and xy = age™!,
Make sure to identify aj, as, r1 and 9.

a)y' +2y —3y=0 ¢) " +3u —u=0
b) 4y" +y =0 d) v +4u' =0
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3. Show that the given vector x is a solution of the differential equation.
Also, what initial condition does x satisfy?

1 2 4
a) x' = X, X= e?t
2 -2 2
2 0 1 0
b) x' = X, X= et + e 3t
0 -3 0 2
1
5 1
c) x’:<2 )x x:<COSt>et/2
1 1) —sint
2

4. The vectors x; and xo are solutions of the given differential equation.
Show that x = ¢1x1 + coXs is a solution no matter what the values of
c1 and cs.

a) x' = b2 X, X|= 2 e?, xo= ! e 3t
2 —2) " 1) —2
3 1 1 1

b) x' = X, X;= el, x9= et
2 2 -2 1

5. This problem considers some of the connections between a second-order
equation and a first-order system.

a) Assuming that ¢ # 0, show that (4.1), (4.2) can be reduced to the
second-order linear equation

Y — (a+d)y + (ad — be)y = 0.

b) Using the result from part (a), transform y” + 2y’ — 3y = 0 into a
first-order system where none of the entries in A are zero.

c¢) Using part (a), and the example in Section 4.1.1, find the general
solution of the differential equation in Exercise 3(a).

4.2 « General Solution of a Homogeneous Equation
The problem considered here is

ix = Ax, fort > 0. (4.8)
dt

From (4.6), as well as Exercise 2 in the previous section, we have an idea
of what the general solution of this equation looks like. Namely, if we are
able to find n linearly independent solutions xi(t), x2(t), ..., X,(t), then
the general solution can be written as

x(t) = e1x1(t) + caxa(t) + - - - + cpxp(t), (4.9)
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where ¢y, co, ..., ¢, are arbitrary constants.

The requirement to be linearly independent is a simple generalization
of the definition given in Section 3.2. Namely, x;(t), x2(%), ..., X, () are
linearly independent if, and only if, the only constants ci, co, ..., ¢,
that satisfy

c1X1 +caXo+ -+ epx, =0, VE>0, (4.10)
are c; = 0,c0 =0, ..., ¢, = 0. In the above equation, 0 is the zero

vector, which means that all of its components are zero. Also, the symbol
Y is a mathematical shorthand for “for all” or “for every.”

In the last chapter the Wronskian was used to determine indepen-
dence. It is possible to also use the Wronskian with (4.8), but this is not
particularly useful for larger n. There is an easier way to show indepen-
dence, and this will be explained in Section 4.4.

The general solution of (4.8) is found by assuming that x = ae',
where a is a constant vector. Differentiating this expression, x’ = rae’,
and so (4.8) becomes rae™ = A(ae™). Since e’
divide by it, which gives us the equation

is never zero we can

Aa=ra. (4.11)

What we want are nonzero solutions of this equation, and so we require
that a # 0. This problem for r and a is called an eigenvalue problem,
where r is an eigenvalue, and a is an associated eigenvector. This
is one of the core topics covered in linear algebra. We do not need to
know the more theoretical aspects of this problem, but we certainly need
to know how to solve it. So, for completeness, the more pertinent aspects
of an eigenvalue problem are reviewed next.

It is worth pointing out that it is possible to solve (4.8) without using
eigenvalues and eigenvectors, and how this is done is explained in Section
6.8.

4.3 « Review of Eigenvalue Problems

Given an n xn matrix A, its eigenvalues r and the associated eigenvectors
a are found by solving

Aa=ra. (4.12)

It is required that a is not the zero vector. There are no conditions placed
on r, and it can be real or complex valued.

In preparation for solving the above equation, it is first rewritten as
Aa — ra =0, or equivalently as

(A —rI)a=0. (4.13)
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The n x n matrix I is known as the identity matrix and it is defined as

10 0

01 0
I=

00 1

For example, when n = 2 and n = 3,

1
I:( 0) and I=
0 1
0

In linear algebra it is shown that for the equation (4.13) to have a
nonzero solution, it is necessary that the matrix A — rI be singular, or
non-invertible. What this means is that the determinant of this matrix
is zero. This gives rise to the following method for solving the eigenvalue
problem.

[
o = O
_= o O

Eigenvalue Algorithm. The procedure used to solve the eigenvalue prob
lem consists of two steps:

1. Find the r’s by solving
det(A —rI) =0. (4.14)

This is known as the characteristic equation, and the left-hand-
side of this equation is an nth degree polynomial in 7.

2. For each eigenvalue r, find the associated eigenvectors by finding the

nonzero solutions of
(A —rI)a=0. (4.15)

In this textbook we are mostly interested in systems involving two equa-
tions. For those who might not remember, the determinant of a 2 x 2
matrix is defined as

ail a2\
det = a11a22 — A12021 .
a1 a2

In the second step of the algorithm, when solving (4.15), we are inter-
ested in finding the vectors that can be used to form the general solution
of this equation. To say this more mathematically, we want to find lin-
early independent solutions. In n dimensions, it is not possible to have
more than n linearly independent vectors. Consequently, n is the max-
imum number of linearly independent eigenvectors you can find for an
n X n matrix A.
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The following examples all involve 2 x 2 matrices. What is illustrated
are the various situations that can arise with eigenvalue problems. In
these examples, the eigenvector will be written in component form as

a= <Z> . (4.16)

Example 1: Two Real Eigenvalues

For

we get that

2 1 1 0 2—r 1
A—rI= —r = .
G )L

Since det(A —7I) = (2 —7)? — 1 = r? — 4r + 3, then the characteristic
equation (4.14) is r* —4r+3 = 0. Solving this we get that the eigenvalues
are 11 = 3 and ro = 1. For rq, (4.15) takes the form

-1 1 ay (0
1 —1)\s) \oJ)°
In component form, we have that

—a+b=0,
a—b=0.

The solution is b = a, and so the eigenvectors are

a= (Z) = (Z) =aaj, (4.17)

For the second eigenvalue ro = 1, one finds that the eigenvectors have the
form a = aas, where a is an arbitrary nonzero constant and

where
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The eigenvectors a; and ag are independent. To show this, note that

1 1 c1+ c2
c1a; + cgaz = ¢ + c2 = .
1 -1 C1 — C9

So, if cia; + csas = 0, then ¢; +co = 0 and ¢ — ¢co = 0. From the last
equation, ¢; = cg, and inserting this into the first equation yields 2¢o = 0.
So, co = 0, and this also means that ¢; = 0. Therefore, a; and as are
independent. W

There is an important observation that needs to be made here. In the
above example it was shown that eigenvectors for different eigenvalues are
linearly independent. This is always true, and this is important enough
that it needs to be stated more prominently.

Different Eigenvalues Test. If aj, as, -+, a; are eigenvectors corre-
sponding to different eigenvalues for a matriz A, then these vectors are
linearly independent.

The above test applies irrespective of whether the eigenvalues are real or

complex valued. It also is not limited to a 2 x 2 matrix, and holds in the
general case of when the matrix is n x n.

Example 2: One Eigenvalue But Two Independent Eigenvectors

A:30,
0 3

the characteristic equation is (r — 3)2 = 0. So the only eigenvalue is

r1 = 3. In this case,
0 0
A—rI= . (4.19)
0 0

This means that all vectors are solutions of (4.15). In other words, the

solutions are
() = (1) (V) =aar+o
a = b = 0 b = aaj ag,
1 0
a; = <0> and az = <1> . (4.20)

‘When

where
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To check on independence, we are not able to use the Different Eigen-
values Test given above because a; and as are eigenvectors for the same
eigenvalue. To use the definition, note that

1 0 C1
cia; +caz = + co = .
0 1 Co

So, if cia; + coas = 0, then we conclude that ¢; = co = 0. Therefore, a;
and as are independent. W

Example 3: Complex-Valued Eigenvalues

A_(l 2)
_% 1/’

the characteristic equation is r2 — 2r + 2 = 0. The resulting eigenvalues
are r =144 and r = 1 — i. Proceeding as usual, for rq,

v 2
A—’I”lI:( )
— 1

This means that (4.15) requires that —ia + 2b = 0, or equivalently, a =
—2¢b. So, the eigenvectors are

() ()

Similarly, for ro = 1 — 4, one finds that the eigenvectors are

For the matrix

N[ =

where

a = bay,

Finally, because a; and as are eigenvectors for different eigenvalues, they
are independent. W

where

There is an observation that needs to be made here. In the above
example, the eigenvalues have the form r; = A+ip and ro = A—iu, where
A and p are real numbers, with p # 0. Because of this, the eigenvalues
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are said to be complex conjugates. When a matrix only contains real
numbers, and it has complex eigenvalues, the eigenvalues must occur as
complex conjugates. Moreover, you should notice that the respective
eigenvectors a; and ag are also complex conjugates (if you change i to —i
in aj, you get az). This is useful information as it means that once you
know aj, you immediately know as.

Example 4: Only One Independent Eigenvector

1
A:3 )
0 3

has one eigenvalue r = 3 (similar to Example 2). In this case (4.15)

becomes
0 3
A—rlI= . (4.21)
0 O

This means that b = 0. Consequently, the eigenvectors have the form

In the previous three examples involving 2 x 2 matrices we found two
linearly independent eigenvectors. This matrix is different as there is only
one. An n x n matrix that has fewer than n independent eigenvectors is
said to be defective. So, the matrix of this example is defective, while
the matrices for the three previous examples are not defective. W

The matrix

where

Exercises

1. Determine whether the two vectors are linearly independent.

g () () o (2)me ()
b) a = <_11), 2y = (‘33> Q) ar = (;i’) a = @

2. The following matrices have two real-valued eigenvalues. Find the
eigenvalues, and two linearly independent eigenvectors.
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2 1 —2 7
(0 ) o (v )

3. The following matrices have complex-valued eigenvalues. Find the
eigenvalues, and two linearly independent eigenvectors.

2 —4 2 13
(2 ) 05 )

4. Show that the following matrices are defective.

3 2 11
02 2) 0 ()

4.4 « Solving a Homogeneous Equation

As stated earlier, given an n X n matrix A, to find the general solution of

d
—x = Ax 4.22
Cx = Ax, (122)
you start by assuming that x = ae’’, where a is a constant vector. Sub-
stituting this into the differential equation, and simplifying, leads to the
eigenvalue problem

Aa=ra. (4.23)

If A is not defective, then there are n linearly independent eigenvectors
aj, ag, ..., a,. Letting r1, r9, ..., 1, be their respective eigenvalues, then
the general solution of (4.22) can be written as

x = craje™ + cpane™t + - + cpane™, (4.24)

where the ¢;’s are arbitrary constants.

The vectors x; = aje’i' used in the above formula for the general
solution are linearly independent. The reason is that the test for inde-
pendence in (4.10) must hold at ¢t = 0. Since the a;’s are independent, it
follows that the c;’s are all zero. Consequently, the vectors x; are linearly
independent.

With the formula for the general solution in (4.24), all that is left to
do is consider how to rewrite it when the eigenvalues are complex and to
also determine what to do when the matrix is defective. A summary of
what follows in given in Section 4.5.

4.4.1 « Complex-Valued Eigenvalues

As usual, when the roots are complex-valued there are options as to how
the general solution can be written. It is certainly possible to just use the
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expression in (4.24). However, it is often easier to rewrite the solution so
as to avoid the use of complex variables. It is easiest to explain how this
is done using an example.

Example

The matrix in the differential equation,

) ( 1 2)
X = 1 X,
-1 1

is the one considered in Example 3 of the previous section. The eigenval-
ues are r = 1 +4 and r = 1 — 4. Using the eigenvectors found earlier, the
general solution can be written as

X = <_122> e+t 4 (211> Q10

Because complex numbers are used for the r’s, both ¢; and ¢y must be
allowed to be complex-valued.

Given that x is real-valued, the coefficients ¢; and ¢, must be complex
conjugates. In other words, if ¢; = a4+ i3, where a and 3 are real-valued,
then it must be that co = o — i5. We are going to separate the solution
into real and imaginary parts, which for the eigenvectors means that

() =0) () ()00

It makes things a bit easier to write these as

=p-+iq, and =p—1q,
1 1
0 -2

Now, using Euler’s formula (3.13), we have that

where

x = (a+iB)(p +iq)e'(cost +isint) + (o — iB)(p — iq)e’(cost — isint)

= di(pcost — qsint)e’ + dy(psint + qcost)e’

2sint —2cost
= dl et + d2 . eta
cost sint

where di = 2« and dy = —20 are arbitrary real-valued constants. W
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General Formula

To summarize what was done in the above example, suppose that A is a
2 x 2 matrix with complex-valued eigenvalues r; = A+¢p and r9 = A — iy,
where A\ and p are real-valued with pu # 0. Also, suppose that a; = p+iq,
where p and q are vectors containing only real numbers, is an eigenvector
for r1. In this case, as = p—iq is an eigenvector for ro. Moreover, instead
of writing the general solution as

x = crare + cpage’™,
it can be written as
X(t) = d1b16)\t + d2b2€>\t,

where
by = pcos(ut) — gsin(ut),
by = psin(ut) + qcos(ut),

and dy and ds are arbitrary real-valued constants.

4.4.2 « Defective Matrix

The other case to consider is what to do when there are not enough
linearly independent eigenvectors, which means that A is defective. So,
suppose that A is a 2 X 2 matrix that has one eigenvalue r, and a is its
associated eigenvector. Based on the way we fixed the single root solution
in Chapter 3, you might expect for the vector version you should assume
a solution of the form x = bte™. However, this does not work, and to
find a second independent solution, the assumption is that

x = ate” + be'.

To find b, the above expression is substituted into the differential equation
to obtain

Ab =rb+a,

or equivalently
(A —7rI)b=a. (4.25)

It is useful to know that we don’t need all solutions of this equation.
Rather, all we need is just one of them. Once this is determined, the
general solution is

x = cjae’ + co(ta + b)e™.
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4.5 « Summary for Solving a Homogeneous Equation

Assuming that A is 2 x 2, then the general solution of x’ = Ax is as given
below.

I) When A is not defective.

e If A has real eigenvalues r; and r9, with respective eigenvectors
a; and as, then
x = craie"t + coage’!. (4.26)

This expression can be used when r; = 79 (in this case, just make
sure a; and ay are independent).

e If A has complex eigenvalues r = \ & iu (with p # 0), with
respective eigenvectors p + iq, then

X(t) = d1b16>\t + d2b2€>\t, (4.27)
where

by = p cos(ut) — qsin(ut),
by = psin(ut) + qcos(ut).

II) When A is defective, with eigenvalue r and eigenvector a, then
X = cjae’ + co(ta+ b)e’?, (4.28)
where b is any solution of

(A —rI)b = a. (4.29)

Example 1 (real eigenvalues): Find the general solution of

Step 1: Find the eigenvalues and eigenvectors. Using the eigenvalue
algorithm, from (4.14),

— 1
det(A—7rI)=0 = det( " >:0
2 1-—r

= rP—r—2=0

= r=-12.
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For r = —1, then from (4.15),

1 1
(A—rHa=0 =
2 2

)a:O = a+b=0.

So, b = —a, and this means that

(- (2) -

In a similar manner, one finds that for r = 2, an eigenvector is

Step 2: Since this is a non-defective matrix with real eigenvalues,
the general solution is

1 —t LY o
= . i
X =C (_1>e + c2 <2>e

Example 2 (complex eigenvalues): Find the solution of the IVP:

, (2 1 (0
X—(_Q 0>x, where x(O)—<1>.

Step 1: Find the eigenvalues and eigenvectors. Using the eigenvalue
algorithm, from (4.14), you find that the eigenvalues are r; = 1 +1
and 79 = 1 — 4. To determine the eigenvector for ry, we have that

C(2-(+i) 1 (1 1
A_“I_< ) —(1+i)>_<—2 —(1+i)>'

So, writing a as in (4.16), then (A — rI)a = 0 can be written in
component form as

where

(I—da+b=0
—2a— (14+4)b=0.

Both equations lead to the conclusion that b = —(1 —i)a. So, the

eigenvectors are
a 1
a= =a | =aa.
b —141
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As explained earlier, it makes things easier to write a; = p + iq,
which means that
1 .
> =Pp+1q,

-1+

Moreover, because the eigenvector for ro = 1 — ¢ is the complex
conjugate of a;, then as = p — iq.

where

Step 2: Find the general solution. Since there are complex eigen-
values, from (4.27), the general solution is

X = dlblet + dgbget,

1 0\ .
b, = cost — sint,
by = 1 int 0 t
9 = 1 sint + 1 cost.

Step 3: Satisfy the initial condition. Setting ¢ = 0 in the general
solution, we get that

() 0)- ()

This can be written in component form as

where

and

di =0
—d; +dy = 1.

SO, d1 =0 and dg =1.
Step 4: The resulting solution is

x(t) = [ (_11> sint + (?) cos t] . |

Example 3 (defective matrix): Find the solution of the IVP:

, (101 e
X—(_l 3>x, where x(O)-(Q).
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Step 1: Find the eigenvalues and eigenvectors. Using the eigenvalue
algorithm, from (4.14), you find the single eigenvalue r = 2, with
eigenvector

<1>
a= .
1
To find a second independent solution, from (4.29) we must solve
-1 1 1
b= :
A solution of this is
0
b ( ) .
1
Step 2: Find the general solution. Using (4.28), the general solu-
tion is
1 1 0
X =c <1> e + o |t <1> + <1> ]th.
Step 3: Satisfy the initial condition. Setting ¢ = 0 in the general
solution, we get that
N (o) 2
C1 1 Co 1 = 9 .
This gives us ¢; = —1 and ¢; + ¢3 = 2. So, co = 3.
Step 4: The resulting solution is
1 -1
= |3t .
Exercises

1. Find a general solution of the following differential equations.

, (-1 6 , (21
a)x—(1 O>X C)X—<6 3>x
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(4 =8 (o0
g) x' = <4 —4>X ) x= (0 o)x

2. Find the solution of the initial value problem x’ = Ax, where the
differential equation is given in the previous problem, and the initial

condition is x(0) = (_41)

3. A solution of x’ = Ax is given below. What are the eigenvalues of A,
and what are corresponding eigenvectors?

o2t
a) x(t) = (1) e3t + 2(_11) el ) x(t) = <3e4t>
1 1 e 8 et
b) x(t) = (()) e + <3> d) x(t) = ( 3e—t )

4. The general solution (4.24), and the eigenvalue algorithm given in Sec-
tion 4.3, can be used for any dimension n. In this exercise you are to
find the general solution for the case of when n = 3.

011 -2 2 0
a) X’ =1 0 1]x c)x'=10 1 0 |x
1 10 2 -1
-1 0
b) x' = 2 X d)x'=[0 1 X
0 1 0 2 -1

5. Two tanks containing salt water are connected as shown in Figure 4.1.
In the lower connecting pipe, water is pumped from tank 1 into tank
2 at a rate of N liters/min, and in the upper pipe water in pumped
from tank 2 into tank 1 at the same rate. Assume that y1(¢) and ya(t)
are the amounts of salt in the respective tank at time ¢, and the total
volume of water in each tank is V liters. You should assume that the
pipes are so short that whatever water, or salt, in them can be ignored.
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L_|
1 L] 2

Figure 4.1. Two tanks containing salt water as described in Exercise 5. The
pipes connecting the tanks are used to pump salt water between the tanks.

a) Show that the resulting differential equations are

= N
hi=—yuryne
N N

Ya= 91— 3%

b) Assume that N = 2liters/min, V' = 100 liters, and the initial con-
ditions are: y1(0) = 10gm and y2(0) = 0. Find y;1(¢) and ya(t).

c) What are the limiting values of y; and y2 as t — co? Explain why
this answer is obvious given how the tanks are configured.

4.6 = Phase Plane

For differential equations involving 2 x 2 matrices, there are different ways
the solution can be portrayed. As an example, the general solution of the
differential equation

is

x(t) =1 (1) e+ ¢ (_11) e, (4.30)

or, in component form,

z(t) = 1% + cpel,

y(t) = c1e’t — cqel.

Given values for ¢; and co, using the component form, graphing the solu-
tion simply involves plotting x and y as functions of ¢. In contrast, with
the vector version (4.30), the solution traces out a curve in the z,y-plane,
with ¢ being the parameter that generates the curve. The z,y-plane is
referred to as the phase plane, and the curves that can be generated
using (4.30) are known as integral curves.
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4.6.1 - Examples

Two Positive Eigenvalues.

The solution (4.30) involves two positive eigenvalues, 11 = 3 and ry =
1. The resulting integral curves generated by (4.30) are shown in Table
4.1(a). Each curve corresponds to a specific choice for ¢; and ¢y, and the
arrows indicate the direction for increasing t. Together, the integral curves
provide what is called a phase portrait for the equation. Any equation
with two positive eigenvalues will produce a phase portrait that is roughly
similar to the one for this example. A non-defective matrix with only one
eigenvalue, which is positive, will also have a roughly similar phase plane,
except the blue curves will be straight lines.

To explain how the phase portrait is constructed, you start by consid-
ering what happens when cs = 0, and then when ¢; = 0.

co = 0: Since x = ¢ G)egt, then z = ¢1e® and Yy = c1e3t. In other

words, y = x. This is the red line in Table 4.1(a) with positive
slope. Because e increases with ¢, the solution moves outward,
away from the origin. So, the arrows on the line point outward. The
key observation here is that the line is determined by the eigenvector

a; = G) , and the direction on the line is determined by the positivity

of the corresponding eigenvalue 1 = 3.

c1 =0: Since x = ¢ (_11)6t, then z = cpe! and y = —cget. In other

words, y = —xz. This is the red line in Table 4.1(a) with negative
slope. Because e increases with ¢, the solution moves outward, away
from the origin. So, the arrows on the line point outward. The key
observation here is that the line is determined by the eigenvector ag =

(}1), and the direction on the line is determined by the positivity

of the corresponding eigenvalue ry = 1.

c1 # 0 and ¢g # 0 : The general solution (4.30) consists of the addition of
the two components we just considered, and some of the resulting
integral curves are shown with the blue curves in Table 4.1(a). The
arrows on the curves point outward, away from the origin, because
both eigenvalues are positive. Also, since ry > ro, each solution curve
increases faster in the direction determined by aj;, and this is the
reason that the blue curves bend the way they do. Finally, note that
if you run time backwards, so ¢ — —oo, then, from (4.30), x — 0.
That is why all of the blue curves look like they are emanating from
the origin. W
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a) ry>0,r70 >0
source

y-axis

5 L
-10 -5 0
X-axis

5 10

c) r1<0,r3<0

sink
5
R}
50
>
-5 : : :
-10 -5 0 5 10
x-axis

e) r=AtipwithA>0
spiral source

y-axis

-1 0 1
Xx-axis

y-axis

y-axis

y-axis

b) ry>0,1r <0
saddle

X-axis

d) r==ip
center

f) r=Xtipwith A<0
spiral sink

| | ~

-1 -
-1 0 1
x-axis

Table 4.1. Ezamples of integral curves and how they depend on the eigenval-
ues of A. Fach curve corresponds to a specific choice for the constants appearing in
the general solution. The arrows indicate the direction for increasing t. It is assumed

here that p # 0.
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One Positive and One Negative Eigenvalue.

An example of this arises with the differential equation

which has eigenvalues 1 = 2 and r9 = —3. The general solution is found

to be
LY o 3\ s
x(t) =1 nE +c2 o) (4.31)

The resulting integral curves are shown in Table 4.1(b). Any equation
with one positive, and one negative, eigenvalue will produce a phase por-
trait that is roughly similar to the one for this example.

As with the previous example, the phase portrait is constructed by
considering what happens when ¢ = 0, and then when ¢; = 0.

co =0: Since x = ¢ G)e%, then z = ¢1e? and y = c1e?. In other

words, y = x. This is the red line in Table 4.1(b) with positive
slope. Because e increases with ¢, the solution moves outward,
away from the origin. So, the arrows on the line point outward. The
key observation here is that the line is determined by the eigenvector

a; = G), and the outward direction on the line is determined by the
positivity of the corresponding eigenvalue r; = 2.
c1 =0: Since x = ¢» (_32) e 3t then = = 3coe! and y = —2c9et. In other

words, y = —2x/3. This is the red line in Table 4.1(b) with negative
slope. Because e decreases with t, the solution moves inward,
toward from the origin. So, the arrows on the line point inward. The
key observation here is that the line is determined by the eigenvector
ay = (_32), and the inward direction on the line is determined by
the negativity of the corresponding eigenvalue ro = —3.

c1 # 0 and co # 0 : The general solution (4.30) consists of the addition of
the two components we just considered, and some of the resulting
integral curves are shown with the blue curves in Table 4.1(b). To
explain the arrows, the contribution of coase™3! goes to zero as t
increases, but cjaje? becomes unbounded. A consequence is that a
solution curve will asymptotically approach the red line y =x. W

Two Negative Eigenvalues.

An example of this arises with the differential equation

(-2 2
x =1 X,
12
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which has eigenvalues r1 = —1 and 72 = —3. The general solution is

found to be
2\ =2\ g
x(t) =1 e + e L e (4.32)

The resulting phase portrait is shown in Table 4.1(c). Any equation with
two negative eigenvalues will produce a phase portrait that is roughly
similar to the one for this example. A non-defective matrix with one
eigenvalue, which is negative, will also have a roughly similar phase plane,
except the blue curves will be straight lines.

The construction of the phase portrait is very similar to what was done
for the two positive eigenvalues case. The principal difference is that the
eigenvalues are now negative, so the movement along the integral curves
is towards the origin. W

Imaginary Eigenvalues.

When the eigenvalues are imaginary, the integral curves are concentric
ellipses centered at the origin (see Exercise 7). To demonstrate this,
consider the differential equation

, (-2 4
X = X.
—2 2

The eigenvalues are r; = 2i and ro = —2¢, and the general solution, from

(4.27), is
2 0\ . 2\ . 0
x(t) = dy [ <1> cos 2t — <1> sin 2t <1> sin 2t + <1> cos 275] . (4.33)

Some of the ellipses generated by this solution are shown in Table 4.1(d).

The question is, is the movement around each ellipse clockwise, or
counter-clockwise? This can be determined from the differential equation.
For this example, ' = —2x+4y, which means that when an ellipse crosses
the z-axis (so y = 0), ' = —2x. Consequently, along the positive z-axis,
z' < 0. The direction of the arrows must be consistent with this, and so
the rotation is clockwise. More about the direction of rotation, as well as
the tilt of the ellipse, is discussed in Exercise 5. W

+da

Complex Eigenvalues.

When the eigenvalues have nonzero real and imaginary parts the integral
curves are spirals centered at the origin (see Exercise 7). As an example,

, 2 1
X = X,
—-10 O
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has eigenvalues 11 = 1+ 3¢ and ro = 1 — 3i. The general solution, from

(4.27), is
x(t) =dy [(_11> cos 3t — (g) sin 3t] et
(_11> sin 3t + (g) cos 375] et. (4.34)

Similarly, for the differential equation

(-2 1
X = X,
—-10 O

the eigenvalues are r; = —1 + 3¢ and 79 = —1 — 3i. The general solution

x(t) =dy !(1) cos 3t — (g) sin 375] et
(1) sin 3t + (g) cos 3t] e " (4.35)

The resulting integral curves for these two examples are shown in Table
4.1 (lower row). The one on the left comes from (4.34). The outward
motion in this case is because the real part of the eigenvalue is positive.
The one of the right comes from (4.35), and the inward motion is because
the real part of the eigenvalue is negative.

The spiral curves seen in these two graphs are explainable from the
formula for the solution. The solution contains cos ut and sin ut terms,
and these are responsible for the motion around the origin. This is similar
to what happens when r = +iu. However, these terms are multiplied by
e, and this causes the radial distance from the origin to either increase,
when A > 0, or decrease, when A < 0. W

+da

+da

4.6.2 = Connection with an IVP

To illustrate the role the phase plane can play when solving an initial
value problem, suppose the problem to solve is

, (-1 3
x = ( 5 0) X, (4.36)
x(0) = (_63> . (4.37)

where
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y-axis

Figure 4.2. The solid blue curve is the solution (4.38), and the solid blue dot
is the location of the initial condition (4.37). The dashed blue curves, and the red lines,
are integral curves for (4.56).

This is the same differential equation used for the phase plane example in
Table 4.1(b), and the general solution is given in (4.31). From the initial
condition, the solution is found to be

x(t) = % G) e*! + % (i) e 3. (4.38)

The plot of this curve in the phase plane is shown in Figure 4.2. The
integral curves for the differential equation, which appear in Table 4.1, are
also included in the figure. As this shows, the solution of the initial value
problem is simply a portion of one of its integral curves. The starting
point is determined by the initial condition, and the resulting solution
follows the respective integral curve for increasing t.

The above observation is true in general. Namely, the integral curves
in Table 4.1 are illustrations of the various solutions you can get with the
respective differential equation. Which curve, or how much of the curve,
you get depends on the location of the initial condition.

Exercises

1. Phase portraits are shown in Figure 4.3, with arrows on some of the
curves. Do, or answer, the following: (i) Draw arrows on the other
curves. (i) What properties of the eigenvalues result in the integral
curves shown in the phase portrait? (iii) Three different initial condi-
tions are shown by the black dots. For each one, sketch the solution
for the resulting IVP.
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y-axis

-5 . . . . .
-10 -5 0 5 10 -10 -5 0 5 10
Xx-axis x-axis
c) 5[
i)
50
>
-5 . . . . . .
-10 -5 0 5 10 -10 -5 0 5 10
Xx-axis x-axis
e) 5
L]
i)
50
>
-5 : : : -5 : :
-10 -5 0 5 10 -10 -5 0 5 10

X-axis X-axis

Figure 4.3. Integral curves, and location of three initial conditions, for Exercise 1.

2. The eigenvalues for the following equations are real-valued. You are
to sketch the phase portrait as follows: (i) Draw the (red) lines that
are determined from the eigenvectors, and include the four arrows. (ii)
In each of the four quadrants determined by the red lines, include two
integral curves, with arrows.

, (3 -1 , (3 2
a) x —<_1 3>x c) X —<_4 _3)){
b) x' = (:i i)x d) x' = <§ :?)))x
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3. The eigenvalues for the following equations are imaginary. You are to

sketch the phase portrait as follows: draw three concentric ellipses cen-
tered at the origin with arrows indicating the direction of motion. You
should use the information in Figure 4.4 when sketching the ellipses.

, (12 (2 1
a) X = g 1/ c) x' = 6 o)X
b) x' = (_33 _63>X d) x' = (IQ?) _31)}(

. The eigenvalues for the following equations are complex-valued. You

are to sketch the phase portrait as follows: draw three spiral curves,
with arrows indicating the direction of motion. You should use the
information in Figure 4.5 when sketching the spirals.

, (1 —4 , (2 8
a)x—<2 3)){ c)x—<_2 _2)3(
b) x' = (:i §>x d) x' = <_42 :;1>X

. For the matrix A in (4.4), if the eigenvalues are imaginary, and a # 0,

then the elliptical integral curves are either tilted left, or tilted right,

as illustrated in Figure 4.4. This exercise determines which one you

get. This is done using the point where the ellipse crosses the positive

z-axis (shown by a red dot in each figure). From (4.1), at the red dot

(soy=0), 2’ =axr and y = cx.

a) If a > 0, then at the red dot, 2’ > 0. Use this to explain why the
solution moves clockwise when the ellipse is left-tilted and counter-
clockwise when right-tilted.

b) How does the answer in part (a) change when a < 07

ac<0 ac> 0

- —
_—

y-axis
y-axis
o

~.
— > -

0 0
Xx-axis X-axis

Figure 4.4. Left-tiled (on the left) and right-tilted (on the right) ellipses when

there are imaginary eigenvalue (see Exercise 5).
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c¢) For the left-tilted ellipse, if @ > 0 explain why it must be that ¢ < 0,
while if a < 0 then it must be that ¢ > 0. Show that the opposite
happens for the right-titled ellipse. This explains the labeling ac < 0
and ac > 0 in Figure 4.4.

d) Determine if a and ¢ for Figure 4.3(e) are positive or negative.

. Spirals are either left (sinistral) or right (dextral) handed as shown in

Figure 4.5. This exercise determines which one you get. This is done
using the point where the spiral crosses the positive z-axis (shown by
ared dot in each figure). From (4.1), at the red dot (so y = 0), 2’ = ax
and y' = cx. For the matrix A given in (4.4), assume the eigenvalues
are A\ £ ipu. It is possible to show that p # 0 requires that ¢ # 0 (you
do not need to prove this).

a) If ¢ > 0, then at the red dot, ¥y’ > 0, and if ¢ < 0, then at the red
dot, ¢ < 0. Use this to show that you get a left-handed spiral if
Ac > 0 and a right-handed spiral if Ac < 0.

b) Determine if ¢ for Figure 4.3(c) is positive or negative. What about
for Figure 4.3(d)?

. This exercise involves the proof of some of the statements made about

the integral curves when the eigenvalues are complex-valued. The ma-
trix A is given in (4.4), and it is assumed that p # 0.

a) Assuming that d; and dy are not both zero, from (4.27) and the
identity cos?(ut) + sin?(ut) = 1, show that

(3 + 3)2” — 2pipazy + ply? = ke,

where p; = b, po = A — a, g2 = i1, and k is a positive constant.

b) In part (a), what equation is obtained when there are imaginary
eigenvalues? Explain why this verifies the statement that when
there are imaginary eigenvalues the solution curve is an ellipse cen-
tered at the origin.

Ae>0 Ae< 0
— ~—
>0 ( \_/ >
0 0
X-axis X-axis

Figure 4.5. Left-handed (on the left) and right-handed (on the right) spirals

(see Ezercise 6).
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c¢) Show that to have a circular curve requires b # 0 and ¢ = —b.
d) Explain why you get a spiral in the case of when A # 0.

4.7 - Stability

The phase plane can be useful for visualizing stability or instability of
a steady state solution. To explain how, recall from Section 2.4 that a
steady state is a constant that satisfies the differential equation. So, for
the equation x’ = Ax, a steady state is a constant vector x that satisfies
Ax, = 0. To avoid complications, it will be assumed that A is invertible,
which means that the only steady state solution is x; = 0. It is useful to
know that A is invertible if, and only if, » = 0 is not an eigenvalue for A.

The definitions of unstable and asymptotically stable are effectively
the same as in Section 2.4. Namely, a steady state x; is asymptotically
stable if any initial value x(0) chosen near x; results in

tlg& x(t) = Xs. (4.39)
The steady state is unstable if, no matter how close to x5 you restrict
the choice for x(0), it is always possible to find an initial value x(0) that
results in the solution x(¢) becoming unbounded as t increases.

It is easy to determine stability using the phase plane. For example,
in Table 4.1(a), when r;1 > 0 and rp > 0, the arrows on the integral
curves indicate movement out away from the origin. Consequently, this
is an example of when x; = 0 is unstable. Conversely, when r; < 0 and
ro < 0, the flow in towards the origin, and this means x; = 0 is asymp-
totically stable. In fact, looking at the various possibilities in Table 4.1,
you conclude that if A has an eigenvalue with Re(r) > 0, then the steady
state in unstable. Similarly, if the eigenvalues of A are both negative, or
if Re(r) < 0, then the steady state is asymptotically stable.

The conclusions in the previous paragraph were made using the phase
portraits in Table 4.1. For those that prefer more rigorous derivations,
then the formulas for the general solutions given in Section 4.5 can be
used.

Our classification of a steady state being unstable or asymptotically
stable does not include what happens when the eigenvalues are imaginary.
As shown in Table 4.2(d), the solution does not decay to zero, or blowup,
but simply encircles the origin. So, the steady state is stable but it is not
asymptotically stable. In this case, x; is said to be neutrally stable.

The other case we are missing here is what happens when the matrix is
defective. From (4.28), the conclusion we had earlier still holds. Namely,
if r < 0, then we have asymptotically stability, and if > 0, then we have
instability.



114 Chapter 4. Linear Systems

The above discussion is summarized in the following theorem.

Stability Theorem for a Linear System. For x' = Ax, if r = 0 is
not an eigenvalue for the 2 x 2 matriz A, then the following hold:

1. If all of the eigenvalues of A satisfy Re(r) < 0, then x5 = 0 is an
asymptotically stable steady state.

2. If A has one or more eigenvalues with Re(r) > 0, then x5 = 0 is
an unstable steady state.

3. If the eigenvalues of A are imaginary, then x5 = 0 is a neutrally
stable steady state.

The first two conclusions in the above theorem hold when A is n x n.
The third one, however, needs to restated as follows: if A has imagi-
nary eigenvalues, all of which are non-defective, and all eigenvalues satisfy
Re(r) <0, then x; = 0 is a neutrally stable steady state.

For those who might be wondering what happens when r = 0 is an
eigenvalue, the solution of Ax = 0 is no longer just x; = 0. In fact, any
and all eigenvectors for r = 0 are steady state solutions. It is possible to
examine the various cases that arise in this situation related to stability,
but this will not be considered in this text.

In addition to their stability, steady states are often identified by the
geometric properties of the solution near the steady state. So, for example,
because of the outward direction of the flow in Figure 4.1(a), the steady
state is called a source. In contrast, because of the inward flow in Figure
4.1(c), the steady state is called a sink. For similar reasons, the flow in
Figure 4.1(e) is a spiral source, and the one in Figure 4.1(f) is a spiral
sink. Finally, the steady state in Figure 4.1(b) is a saddle, and the one
in Figure 4.1(d) is a center.

Example 1: Determine the stability of the steady state x; = 0 for

. (1 3
X = X.
2 —4

Answer: The characteristic equation for the matrix is 724 3r—10 =
0, and from this it follows that the eigenvalues are r = —5 and r = 2.
Given that there is at least one eigenvalue that is positive, x; = 0
is unstable. Moreover, since it has one positive, and one negative,
eigenvalue, the steady state is a saddle point. W

Example 2: Determine the stability of the steady state x; = 0 for

, (-1 =2
X = X.
2 0
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Answer: The characteristic equation for the matrix is 72 +r+4 = 0,
and from this it follows that the eigenvalues are r = 3(—1=£14v/15).
Given that both have negative real part, then x; = 0 is asymp-
totically stable. Moreover, since the eigenvalues are complex with
negative real part, the steady state is a spiral sink. W

Example 3: Find the steady state, and determine its stability for

, (11 2
u = (1 _1>u—|— <4> . (4.40)

Steady State: Since a steady state is a constant vector that satisfies
the differential equation, then we require that

b))

Solving this for u, one finds the steady state

w (‘f) |

Stability: Letting u = ug + x, and substituting this into the differ-
ential equation, one finds that x’ = Ax, where A is the matrix in
(4.40). If x5, = 0 is unstable, then so is u,. Similarly, if x; = 0
is asymptotically stable, then us asymptotically stable. Now, the
characteristic equation for A is 72 — 2 = 0. From this, the eigen-
values are found to be r = ++/2. Given that one is positive, x; is
unstable, and therefore uy is unstable. Moreover, since it has one
positive, and one negative, eigenvalue, uy is a saddle point. W

Exercises

1. Determine whether x; = 0 is an asymptotically stable, unstable, or
neutrally stable steady state for the following differential equations.
Also, state whether the steady state is a sink, source, spiral sink, spiral
source, saddle, or center.

! _1 6 /! 3 1 ; _1 —1
a)x—<1 0>x c)x—<1 3)}{ e)x—<6 —6>X
, (1 2 , (201 , (1
b) x' = (_3 _4)){ d) x' = (3 4)){ f) x' = <_5 )X

O =
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, (2 5 , (0 -9 o, (1 4
g)x—<_5 —6>X h)x—<1 0)}{ 1)x—<1 _1>x

. Write the following as x’ = Ax, and then determine whether x;, = 0

is an asymptotically stable, unstable, or neutrally stable steady state.

a) The simple harmonic oscillator given in (3.48).

b) The damped oscillator given in (3.55), with ¢ > 0.

c¢) It is usually stated that negative damping is unstable. For the mass-
spring-dashpot system, negative damping means that c¢ is negative.
Is the system unstable in this case?

. Find the steady state us, and determine its stability, for the following

differential equations. Also, state whether the steady state is a sink,
source, spiral sink, spiral source, saddle, or center.

vy S ) o3 500
o= (7 e () ow=(i e ()

. This exercise contains useful information to determine the stability of

xs = 0 without having to calculate eigenvalues. Assume that A is
given in (4.4) and that det(A) # 0. Also, the trace of a matriz is the
sum of the numbers on the diagonal. The formula is tr(A) = a + d.
a) Show that the eigenvalues of A are  [tr(A)=£/[tr(A)]2 — 4det(A)].
b) Explain why r = 0 is not an eigenvalue for A.

c¢) Show that if tr(A) > 0, then x, is unstable.

d) Show that if det(A) < 0, then x; is unstable.

e) Show that if tr(A) = 0, and det(A) > 0, then x; is neutrally stable.

)
f) Show that if tr(A) < 0 and det(A) > 0, then x; is asymptotically
stable.

. Determine whether x; = 0 is an asymptotically stable, unstable, or

neutrally stable steady state for the following differential equations.
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-2 0 0 -2 0
c)x'=10 1 —4]x e) x'=10 2 |x

0 1 1 0 -5 -1

1 0 -5 0
d)x=10 -1 0]x fyx=[0 -2 0]x

-4 0 1 -5 0 1

4.8 = Modeling

Many of the modeling problems we have considered in the earlier chap-
ters can be extended so they result in a system of differential equations.
For example, this happens for the mixing problem associated with the
connected tanks shown in Figure 4.1, and this is explored in Exercise 5
on page 102. Below are exercises that investigate extensions arising with
the oscillator material from Section 3.10.

Exercises

1. For the mass-spring dashpot system shown in Figure 4.6, let u(t) be
the vertical displacement of the mass. Using F' = ma one finds that
the differential equations to solve are (Holmes [2019])

1 1
/77/ -
u_kf+cf

The task is to find the displacement u(t) and the force f(¢). Assume

that the initial conditions are u(0) = wug, v/(0) = 0, and f(0) = kuo.

The configuration in Figure 4.6 is associated with a Maxwell material

in viscoelasticity, while Figure 3.1 is for a Kelvin-Voigt material.

a) Setting v = v/, write the above two differential equations as a first-
order system for v and f. What are the initial conditions?

b) Taking k =1, c=1, m =1, and up = 1, find v(¢) and f(t).

c¢) Determine u(t).

Figure 4.6. Coupled mass-spring-dashpot system considered in Exercise 1.
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2. Two masses m; and my are connected by springs as shown in Figure
6.6. Let uq(t) and ua(t) be the vertical displacements of the upper and
lower mass, respectively. Using Hooke’s law, the spring forces on m;y
are —kiu1 and ko(ug —uq ), while the spring force on mag is —kg(ug—uy).
The resulting differential equations are

"
miuy = —klul + kz(UQ - ul),

mgug = —kg(’u,z — ul).

a) Show that the differential equations can be written in system form
as u’ = —Ku, where the displacement vector u(t) has components
u1(t) and wg(t). This is a second-order linear system for u(t). For
the record, K is called the stiffness matrix (per unit mass).

b) Assuming u = ae", show that the differential equation in part (a)
reduces to Ka = —r2a. This shows that —r2 is an eigenvalue for
K, with corresponding eigenvector a.

c) Takingm; = 2, mg =1, k1 = 4, and kg = 2, find the two eigenvalues
for K, and their associated eigenvectors.

d) If X\ is an eigenvalue you found in part (c), then from part (b),
r = +v/—\. This results in the two solutions u = aeV=M and u =
ae~ VA, These, along with the two solutions for the other eigen-
value, gives the general solution u = clale‘/j‘lt + czale*\/j‘lt +
03aze\/_7’\2t + C4age_mt. What does this reduce to using the val-
ues from part (c)?

e) Using your answer in part (d), determine the solution u when
u1(0) =0, u}(0) =1, ug(0) = 0, and u4b(0) = 0.

Figure 4.7. Coupled mass-spring system considered in Exercise 2.
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Nonlinear Systems

This chapter considers problems that involve two first-order ordinary
differential equations, at least one of which is nonlinear. These problems
are usually difficult enough that finding a formula for the solution is not
possible. Consequently, most of the chapter does not concern solving
these problems, but instead concentrates on developing ways to determine
the properties of the solution. What this means will be explained as the
methods are derived. We begin with examples that illustrate the problems
we will be considering.

Example 1: Pendulum

The equation for the angular deflection of a pendulum is (see Figure 5.1)

d*9
{— = —gsinf, 5.1
T g (5.1)
where the initial angle #(0) and the initial angular velocity 6'(0) are as-
sumed to be given. Also, £ is the length of the pendulum and g is the grav-
itational acceleration constant. Introducing the angular velocity v = 6’
then the equation can be written as the first-order system

0" =, (5.2)

v = —asinb, (5.3

where o = g/¢. Although (5.2) is linear, (5.3) is nonlinear because of the
term sin §. Consequently, together (5.2), (5.3) form a nonlinear first-order
system for # and v. W

Introduction to Differential Equations, M. H. Holmes, 2023
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Figure 5.1. Angular deflection of a pendulum.

Example 2: Measles

A model for the spread of a disease, like measles, is

ds
dl

In these equations, S(t) is the number of people susceptible to the disease,
and I(t) is number that are ill. The nonlinearity, which is due to the term
1S, appears in both equations. W

Nonlinear systems are usually not solvable using elementary functions.
What is possible it to ask questions about the solution that are signifi-
cant and answerable. As an example, with measles, a reasonable question
would be: what would it take to eliminate the disease from the popula-
tion? This requires that I — 0 as t — oo (and the faster this happens
the better). In more mathematical terms, we want I = 0 to be an asymp-
totically stable steady state. How to modify the stability of I = 0, with
the goal of quickly eliminating the disease, will be considered in Section
5.2.2.

A question arising with the pendulum is, does it ever stop moving?
Given the physical assumptions used in the derivation of the equation it
is reasonable to expect that it does not stop and, in fact, the solution
is expected to be periodic. So, we would like to know if it is possible
to show that the solution is periodic, and in the process determine the
period without actually solving the problem.

5.1 =« Non-Linear Systems

The problems in this chapter can be written in component form as

u = f(u,v),

v = g(u,v).
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In these equations, u(t) and v(t) are the dependent variables, and f and

g are given functions of w and v. It is assumed that the equations are

autonomous, which means that f and g do not depend explicitly on t.
The vector form of (5.4), (5.5) is

dy
T f(y), (5.6)

~(u o _ fu,v)
= o) =)

For an initial value problem, an initial condition of form

y(0) = (“O> . (5.7)
vy

Example: For the nonlinear system

where

would also be given.

1
' =v— U (5.8)
v = ——v+ 2u(2 — u?), (5.9)

we have that

. v—1u
1 2y |-
—50 4 2u(2 — u®)

There are no known simple mathematical methods that can be used
to find the solution of this system (by hand). However, it is easily
solved using a computer, and four example curves are shown in
Figure 5.2. In all four cases, the solution ends up at one of two
points. In this chapter we will not attempt to find the solution
curves but we will be very interested in determining these two points
and finding the reason why the solution approaches them. W

v-axis

u-axis

Figure 5.2. Solution curves of (5.8), (5.9) in the u,v-plane for four different
initial conditions (shown with the solid dots). The arrows indicate the direction for
increasing t.
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5.1.1 = Steady-State Solutions

For y' = f(y), a steady state solution y, is a constant vector that
satisfies f(ys) = 0. In component form, the requirements are that

,Us) =0, (5.10)
g(us,vs) = 0. (5.11)
Solving for us and vs is not straightforward. In fact, given that f(u,v)
and g(u,v) can be almost anything, there is no method that always works
for solving these equations. The recommendation is to pick one of the
equations, and use it to solve for u in terms of v, or v in terms of u. The
equation to pick for this is usually the one that is easiest to solve. This
solution is then substituted into the other equation, and you then have
one equation and one unknown (see Example 1). It is also not uncommon

that you need to be opportunistic, and take advantage of certain terms
in the equation to help simply the equations (see Example 2).

Example 1: Find the steady states of

d
d—z:?)—u—v—uv,
%:uv—Qv.

Answer: The equations to solve are

3—u—v—uv =0,

uv — 2v = 0.

The second equation looks the easiest to work with. Factoring it as
v(u—2) =0, we get two solutions: v = 0 and u = 2. Taking v =0,
then from the first equation we get that « = 3. For v = 2, from the
first equation we get that v = 1/3. Therefore, we have found two
steady states: (us,vs) = (3,0), and (us,vs) = (2,1/3). N

Example 2: Assuming « is a positive constant, find the steady states of

d
d—?:l—(l—i-a)u—&-uzv,
d

d—::u—u%.

Answer: The equations to solve are

1— (14 a)u+u’v =0,

u—ulv=0.
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It is possible to use the approach from the previous example, but it
is easier to look a little closer at these equations. They both contain
the term u?v. In fact, from the second equation u?v = u. Using this
information in the first equation, we get that u = 1/«. From the
second equation, it follows that v = «. Therefore, we have found
that the only steady state is: (us,vs) = (1/a,a). B

Example 3: Find the steady states of

o =z — 2% — xy,

y =2y — y2 — 3zy.
Answer: The equations to solve are

z—a2%—xy=0,

2y —y? — 3zy = 0.

Factoring the first equation as z(1—x —y) = 0, then either z = 0 or
x=1—y. If z =0, then from the second equation y =0 or y = 2,
giving us the two steady states (0,0) and (0,2). When z =1 —y,
the second equation reduces to y(1 — 2y) = 0, which has solutions
y =0 and y = 1/2. This gives us two more steady states, which are
(1/2,1/2) and (1,0). W

Example 4: For the system

the steady states are any points that satisfy y =x. W

Example 5: The system

P =4y,
y =1,

does not have a steady state solution because it is not possible for
/
y=0 1

We are going to avoid the situation in Example 4. Specifically, in
the problems we will consider, there can be multiple steady states, but
they are discrete points as in Examples 1, 2, and 3. The way this will be
stated is that the steady states are isolated, which means that there is a
nonzero distance d so that the distance between any two steady states for
the problem is at least d.
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Exercises

1. Write the following as y’ = f(y), making sure to identify the entries in
y and f. If initial conditions are given, write them as y(0) = yo.

a) v =u?—v g) Michaelis-Menten system

v =2u— 3v S'=—-kES+k_1(Ey— E),
E = —/ﬁES—{—(kIz—i—kLl)(Eo—E)

b I 2 2
Ju=u to S(0) =1, E(0) = 2

20" = sin(u)
h) Predator-prey

c)u'=¢€"—v ,
x = ax — bxry

v = uw ,
w(0) = —1, v(0) = 0 Yy = —cy +dzxy
d) Van der Pol oscillator i) Projectile (n(Q)nuniform field)
"+ (1 —u?)u' +u=0 y’/:_ﬂ
(R +y)?
e) Toda oscillator y(0) =0,¢'(0)=3

' +e"—1=0
j) Orbital motion

f) Duffing oscillator L a2 p
UH+U+U3:0 T:ﬁ*ﬁ
uw(0) =1, 4/ (0) = -1 r(0) =1, r(0) =2

2. Find the steady state solutions of the following.

/:1_2_ _ /: _2
a){u u v uv f){s C S

v =3uv —v d=1+sc

W =v—u?
b){ g)

x' = sin(y) + sin(x)

o = v 4B {y/:3y2+x4
u/:4—u’(}2 :L'/::L‘y
c) r_ 2 h) r_
v =—v+uv yY=2-2-y)(1+y)
P =3¥c—P Y =y(6—y—3a)
) §'=—-IS+5-1-S5 ) u' = v+ u(u? + v?)
e
I'=1S-1 ) v = —u+v(u? +v?)

5.2 » Stability

The question considered now is central to this chapter, and it is whether
a steady state is achievable. What this means is that the steady state is
asymptotically stable. To explain how we are going to determine stability,
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y-axis

X-axis

Figure 5.3. Solution of (5.12),(5.13) for different initial conditions. The
blue curve approaches the steady state (1,0), while the red curve approaches the steady
state (0,2).

consider the problem of solving

' =x— a2 — xy, (5.12)
Y =2y — y?® — 3ay. (5.13)

This is the problem from Example 3 in the previous section, and we found
that there are four steady states: (0,0), (0,2), (1,0), and (1/2,1/2). One
approach for providing insight about stability is to solve the problem
numerically. This is easy to do, and two computed solution curves are
shown in Figure 5.3. The four steady states are also shown, using black
circles and squares. The curves are consistent with what is expected if
(0,2) and (1,0) are asymptotically stable. Also, since both curves start
near (0,0), yet move away from it, it would not be a surprise to find out
that (0,0) is an unstable steady state.

Solving the problem numerically is so easy that it possible to solve the
problem for many different initial conditions, and check if the solution
approaches one of the various steady states. The results from such a
calculation are shown in Figure 5.4. What is found is that there are,
apparently, two asymptotically stable steady states, (0,2) and (1,0). The
calculations also identity the regions for the initial conditions that result
in the solution ending up at the respective steady state. The two regions
determined from this computation are called the domain of attraction for
the respective steady state. It also needs to be pointed out that initial
conditions located in the white region (approximately the third quadrant
in Figure 5.4), produce solutions that do not approach a steady state.
In this example they simply become unbounded, but in other nonlinear
problems you can get interesting solutions like limit cycles or strange
attractors.

Our goal is not to be able to determine the shaded regions shown
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4 :
2f o 1
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x 1
© :
> i
o [ e
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3 2 -1 0 1 2 3

X-axis

Figure 5.4. An initial condition (z(0),y(0)) located in one of the shaded
regions results in the solution of (5.12),(5.13) ending up at the steady state in that
shaded region. The two steady states are shown by the dark circles.

in Figure 5.4, but, rather, to show that there is a small region around
the respective steady state with the same property as the shaded region.
Namely, for any initial condition in that small region, the solution of the
resulting IVP will end up at the steady state. In this case, the steady
state is said to be asymptotically stable. What we are doing now is the
two dimensional version of what we did in Section 2.4, and the nonlinear
version of what was done in Section 4.7.

5.2.1 = Derivation of the Stability Conditions

The differential equation is y’ = f(y), and this can be written in compo-
nent form as

u' = f(u,v), (5.14)
v = g(u,v). (5.15)

Assume that (us,vs) is a steady-state, which means that ugs and v, are
constants that satisfy

f(us
g(us

)
)

The reason for considering stability comes from this question: If we start
the solution near (us,vs), what happens?

There are three possible conclusions coming from this question: the
steady state is unstable, it is asymptotically stable, or it is neutrally
stable. What these are can be explained using a ball and bowl (see Figure
5.5). The force on the ball is gravity. For the bowl, the steady state is at
the bottom, and for the inverted bowl it is at the top. For the inverted
bowl, if you release the ball from rest, no matter where you place it (other

0,
0.

» Us
» Us
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Figure 5.5. Ball in a bowl, on the left, and a ball on an inverted bowl, on the right.

than exactly at the top), the ball will roll away. The conclusion is that
the steady state is unstable. For the bowl, you can control how far the
ball will get from the steady state (the bottom) by placing it close to
the bottom and giving it only a small initial velocity. Consequently, the
steady state is stable. Because the only force is gravity, the ball will roll
around in the bowl forever. This means the steady state is neutrally
stable. If the problem also includes damping, such as friction, then the
ball will slow down and eventually come to rest at the bottom. In this
case the steady state is asymptotically stable. Note that including
damping for the inverted bowl will not change the fact that the top is an
unstable steady state.

For those that prefer a more mathematical definition, the idea under-
lying asymptotic stability is that if y(0) is any point close to the steady
state y,, then

lim y(t) = ys. (5.16)
As stated above, a steady state is stable if you can control how far the
solution gets from y, by picking y(0) close to ys. Specifically, given any
e > 0, you can find a 6 > 0 so that if ||y (0)—ys|| < J, then ||y (¢t)—ys|| < e.
If this is not possible then y, is unstable. The key word here is “any.”
For stability, any y(0) satisfying ||y(0) — ys|| < 0 must work, while for
instability there just needs to be one y(0) that satisfies ||y(0) — ys|| < ¢
but ||y (t) —ys|| < € is not satisfied. If y is stable, and (5.16) holds, then
it is asymptotically stable. Otherwise it is said to be neutrally stable.
Note that this version of the definition of stability requires that w and v
have the same physical dimensions so that ||y|| = vu? + v? is defined.

Linear Approximation

To answer the stability question, assume that the initial position (u(0),v(0))
is very close to (us,vs). To determine what happens, we will use what
is called the linear approximation in multivariable calculus. This states
that if f(u,v) and g(u,v) are differentiable at (us,vs), then each can ap-
proximated using their respective tangent plane. In particular,

L

f(u’v) ~ f(us’ US) + fu(u57vs)(u - us) + fv(usﬂ)s)(v - vs)a
g(uvv) ~ g(usa Us) + gu(us,vs)(u - Us) + gv(us,vs)(v — US).

L



128

Chapter 5. Nonlinear Systems

In the above expressions, f, = g—i, fo= %, Ju = %, Gy = %. It should
be pointed out that this approximation is also a direct consequence of
Taylor’s theorem, and this can be used to derive more accurate approxi-
mations if needed.

By assumption, f(us,vs) = 0 and g(us,vs) = 0. Consequently, the
linear approximation of (5.14) and (5.15) near the steady state is

fu(u87 Us)(u - us) + f’l}(u87 US)(U - Us)v

u/
UI gu(u&vs)(u_us) +gv(u57vs)(v_vs)-

This can be written in system form as

y' = Js(y —ys), (5.17)

where

and

J, = <fu(us,vs) fv(usavs)> .

QU(USaUS) gv(usavs)

The matrix Jg is known as the Jacobian matrix of f evaluated at y.
To put the problem into the form covered in the last chapter, let
X =y —Yys. With this, (5.17) becomes

x' = Ax, (5.18)

where A = J;. The general solution of this is given in Section 4.5. For
what we are doing it is not necessary to distinguish between real or com-
plex valued eigenvalues. Using the formulas in Section 4.5, and remem-
bering that y = ys + x, we conclude that if J; is not defective, then

y =ys + crare™ + cpae”™, (5.19)
and if it is defective, then
y =ys +crae” + co(ta+ b)e’, (5.20)

Whether the e terms in (5.19) or (5.20) go to zero, or blow up, as
t — 00, depends on whether Re(r) is positive or negative. To determine
this, it is easiest to go through the various possibilities individually.

e If all of the eigenvalues of J; satisfy Re(r) < 0, then the exponentials
in (5.19) and (5.20) go to zero as t — oo. So, ys is asymptotically
stable
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e If one, or more, of the eigenvalues of J, satisfies Re(r) > 0, then
at least one of the exponentials in (5.19) and (5.20) blows up as
t — 00. So, ys is unstable.

There is a notable hole in the above list in that there is no conclusion
for the case of when both eigenvalues are imaginary. As explained in
Section 4.7, for a linear problem this leads to the conclusion of neutral
stability. There are neutrally stable steady states for nonlinear systems,
as illustrated with the ball and bowl example earlier, but the linear ap-
proximation is inadequate to determine this.

As a final comment, the only assumption needed to guarantee that the
above conclusions hold is that the first and second partial derivatives of
f(u,v) and g(u,v) are continuous. Those interested in a mathematically
rigorous proof of this should consult Stuart and Humphries [1998] or Perko
[2001].

Phase Plane

The above derivation for the stability conditions can provide us with in-
formation about the solution curves near a steady state. The reason is
that the reduced equation in (5.18) is the same one considered in the last
chapter. This enables us, in certain cases, to apply the phase plane solu-
tions shown in Table 4.1 (page 105) to the nonlinear system. To explain
how, suppose you have a steady state that the above test determines is
unstable or asymptotically stable. As stated earlier, we are only consid-
ering isolated steady states, and to guarantee this happens it is assumed
that » = 0 is not an eigenvalue of J;. Now, in the vicinity of the steady
state, we have that y ~ ys + x. This means that the phase portrait for
y is similar to one of those in Table 4.1, but it is centered at y = ys;
rather than at x = 0. Which one is determined by the eigenvalues of J;.
Demonstrations of this will be included in the examples that follow.

5.2.2 « Summary

For the nonlinear system

u' = f(u,v)

v = g(u,v),

the associated Jacobian matrix J is given as

af  of
J_ ou ov
dg Oy

ou v
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The eigenvalues of J are used to determine stability, as explained in the
next theorem.

Linearized Stability Theorem. Given a steady state ys, and letting
Js be the Jacobian matriz evaluated at ys:

e If all of the eigenvalues of Js satisfy Re(r) < 0, then ys is asymp-
totically stable.

e If one, or more, of the eigenvalues of J, satisfies Re(r) > 0, then
ys 1S unstable.

This assumes that the second partial derivatives of f(u,v) and g(u,v) are
continuous at, and in the immediate vicinity of, ys.

Not every possibility is included in the above theorem. As an example, no
conclusion can be made when there are only imaginary eigenvalues. Any
case that is not covered by the theorem will be referred to as indeterminate
in this chapter.

For those with good memories, there are a few easy to use shortcuts
that avoid computing eigenvalues. If you are interested in what they are,
see Exercise 6.

It is worth pointing out that even though we are considering systems
with two equations (so, n = 2), the above theorem holds when there are n
equations. In fact, for n = 1 the above theorem reduces to the one given
in Section 2.4.1 (page 35).

Finally, if the above theorem determines that a steady state is un-
stable or asymptotically stable, and » = 0 is not an eigenvalue, then the
eigenvalues and eigenvectors of J; can be used to determine the phase
portrait of the solution near the steady state. This is done in the same
way as for the examples shown in Table 4.1. The principal difference now
is that it is centered at y = y, rather than at x = 0. Therefore, the clas-
sification of steady states into a source, sink, spiral source, spiral sink,
or saddle, as given on page 114, is applicable to the nonlinear systems
considered here.

5.2.3 « Examples

Example 1: Determine the stability of the steady states of
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This is the system that produced the solution curves shown in Figure

5.2

Step 1: Find the steady states. The equations to solve are

— Zu=0
v 2u ,

1
—5v +2u(2 —u?) = 0.

From the first equation, v = w/2. With this the second equation be-
comes u(u? — 15/8) = 0. Consequently, there are three steady states:
(u,v) = (—2a, —a), (0,0), (2o, ), where o = £/30.

Step 2: Determine the Jacobian matrix.

of of

ou v -3 1
J= = 9 -

dg g 2(2 - 3u2) -3

ou ov

Step 3: Check on the stability of each steady state.

1
~1
_ 2
JS - (_29 _1) )
4 2

and this has eigenvalues 11 = (—1 +1v/29)/2 and 7y = (—1 —i1/29)/2.
Since both satisfy Re(r) < 0, this steady state is asymptotically stable.
In addition, since the eigenvalues are complex, and Re(r) < 0, the
phase portrait near this steady state should be a spiral sink. To check,
the region in Figure 5.2 that is near (2a,«a) is shown in Figure 5.6.
As expected, the solution curves spiral into the steady state, as they
should for a spiral sink.

(2, @): In this case

v-axis

0.6 1 1.4
u-axis

Figure 5.6. Solution curves of (5.8), (5.9) in the u,v-plane near the steady

state (2a, @) in Ezample 1.
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(0,0): In this case

1

-1

2
Js:<4 _5)7

and this has eigenvalues 7 = 3/2 and 9 = —5/2 . Since r; > 0 then
this steady state is unstable. Also, since 79 < 0 < 71, then this is a
saddle point and the phase portrait near (0,0) will resemble the one in
Figure 4.1(b) or in Figure 4.3(b).

1
1
2
Js: (_29 _1> )
4 2

and this has eigenvalues 1 = (—1 4 iv/29)/2 and 7o = (=1 +i/29)/2.
Since both satisfy Re(r) < 0, this steady state is asymptotically stable.
As with (2a, @), this is a spiral sink. W

(—2a, —a): In this case

Example 2: Determine the stability of the steady states of

=z — 2% — xy,

y =2y —y* — 3uy.
This is the system that produced the solution curves shown in Figure
5.3.

Answer: In Section 5.1.1, Example 3, we found that there are four
steady states: (0,0), (0,2), (1/2,1/2) and (1,0). To determine their
stability, the Jacobian is

of  of
3 Ox oy | (l1-2z—y —x
| ag a9 | —3y 2—2y—3z)
oz y
(0,2): In this case
-1 0
Js = .
The eigenvalues are 11 = —1 and r9 = —2, and since they are both neg-

ative, the steady state is asymptotically stable. Moreover, since both
are negative, the phase portrait near this steady state will resemble
those for a sink. Sketching the phase portrait was explained in Section
4.6. Briefly, eigenvectors of Jg, for 1 and r9 are, respectively,

1 | 0
a; = , a as = )
! 6 e O
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21
Y
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Figure 5.7. Phase portrait near the steady state (0,2) for Example 2.

The two red lines shown in Figure 5.7 are determined by these eigen-
vectors. The arrows point toward the steady state as both eigenvalues
are negative. Typical integral curves are shown in blue. The result is
a phase portrait for a sink.

3 -1/2  —1/2
*\=3/2 —1/2)°
and this has eigenvalues r; = (—14+/3)/2 and 73 = (—1—+/3)/2. Since
r1 > 0, it follows that this steady state is unstable. As for the phase
portrait near this steady state, since ro2 < 0 < r;, then this steady

state is a saddle point. To sketch the phase portrait, the eigenvectors
of Jg, for r; and ro are, respectively,

_1./3 1./3
alz( 31 ), and 32:<3\1/>>.

The two red lines determined by these vectors are shown in Figure
5.8. Typical integral curves are shown in blue. So, the curves have the
pattern expected for a saddle.

(1/2,1/2): In this case

Determining the stability of the remaining two steady states is left as
an exercise. M

Example 3: As introduced at the beginning of the chapter, a model for
the spread of a disease, like measles, is

ds
dl
=pIS — (a+ 7)1,

dt
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y-axis

0.48 /X

0.48 0.5 0.52
X-axis

Figure 5.8. Solution curves of Example 2 in the x,y-plane near the steady

state (1/2,1/2).

where N is the total number of individuals in the population (it is
constant). The coefficients, «, f, and ~, are positive constants. It is
not hard to show that the two steady states are (S,I) = (N,0) and
(S,I) = (S, I.), where

o+ 7y «Q

and I, =
s ©aty

S, = (N —5S,).

The first steady state, (N,0), corresponds to the case of when the dis-
ease is eliminated, and everyone ends up in the S group. The other
steady state, (Se, I.), is an example of what is known as an epidemic
equilibrium, and this is something that is usually avoided if at all pos-
sible. Said another way, we want this steady state to be unstable.

To determine the stability of the steady states, note that

of  of

5 s ol | _ (-(BI+a) -BS
Y BI BS —(a+7))
oS oI

(S,I) = (N,0): In this case

= —AN .
(0 ﬂN—(a—i—v))

The eigenvalues of this matrix are —a and S(N — S.). Therefore, if
N < S, then this steady state is asymptotically stable, and if N > S,
then it is unstable.

(S,I) = (Se, I.): One finds that this steady state is unstable if N < S,
and it is asymptotically stable if N > S..
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Measles: In the study of infectious diseases it is conventional to intro-
duce a variable Ry, where Ry > 1 means the epidemic steady state is
asymptotically stable, and it is unstable if Ry < 1. For our problem,
Ry = N/S., which means that

BN

Ry = .
0 o+ -y

The parameter « is the birth rate in the population and ~ is associ-
ated with the rate at which people get well. As for 3, it reflects how
contagious the disease is (a larger 8 means it is more contagious). For
measles, a = 1/50, v = 100, and $ = 1800/N [Engbert and Drepper,
1994, in which case Ry ~ 18. This is far from having Ry < 1, and this
is a reflection of the fact that measles is one of the most contagious
diseases known. As a final comment, in this problem, an unstable epi-
demic steady state means that the solution will approach the disease
free steady state. However, this does not necessarily happen for other
nonlinear systems. Determining this requires information about the
domain of attraction for the steady state, which was discussed at the
beginning of this section. MW

Exercises

1. For the following find the steady states, and then determine whether

they are asymptotically stable, unstable, or indeterminate. Also, ex-
cept for the indeterminate cases, state whether the steady state is a
sink, source, spiral sink, spiral source, or saddle. Any parameters ap-
pearing in the equations should be assumed to be positive.

=14 I — 4 — 2
a){u v f){u/ UUQ

v =+ 03 v = —v+ uv

W =v—u r=s—r

v =v+4ud

C){x/:x2_y h){x’:x2+y2
Y =2z — 3y 2y = sin(z)

§=2—r—3g2

S'=—2ES+Ey—E
E' = —2ES +2(Ey — E)

wW=1—-2u—v—w
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0 2’ = ar — bry ) S =-1IS+1-1-5
y = —cy + dxy I'=318-1
§' =28 - 52 - 256 ) = (r—1)(s+2)
P’:%—P §=—(r+1)(s+3)

. For the following: (i) find the steady state, (ii) find the linear approx-

imation of the system near the steady state, and then (iii) sketch the
phase portrait in the vicinity of the steady state as follows: draw the
(red) lines that are determined from the eigenvectors of J, including
the arrows for these lines, then in each of the four quadrants deter-
mined by the red lines, include two integrals curves, with arrows.

) v =v—u ) u =4 — uv?

& v =0+ ud ¢ v = —v + uv?

b) w=1+v Q) S'=-2ES+Ey— FE
v =u+ 3 E' = —-2ES +2(Ey — E)

. Graphically locate the steady states in the x,y-plane. Also, determine

whether they are asymptotically stable, unstable, or indeterminate.

o =2 +y*—4 r=—-y+z
a) / 3 b) /
y=-y+z Yy =y —cos(x)

. Each nonlinear system produces one of the four plots in Figure 5.9.

Determine which system goes with which plot. Make sure to explain

a){w“:w(y—fv)2 C){wzx(w—y)

y=2-y—=x v =x24+y—2
¥ =x(r— o =x(y—z
SR ( y)2 al” gy )
y=2—-y—=x Yy =x"+y—2

. Suppose that y = Y is a steady state solution of y” + ¢y’ + g(y) = 0.

So, y =Y is a constant and g(Y) = 0.

a) Show that Y is unstable if ¢ < 0.

b) Suppose that ¢ > 0. Show that Y is asymptotically stable if ¢'(Y") >
0, and it is unstable if ¢’(Y") < 0.

. In this problem, assume that
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-1 -0.5 0 0.5 1 -4 -3 -2 -1 0 1
x-axis Xx-axis

Figure 5.9. Solution curves for the systems in FExercise 4. The colored dot

is the initial condition.

The trace of a matriz is the sum of the numbers on the diagonal. The
formula is tr(Js) = a + d. Also, the determinant is det(Js) = ad — be.

a) Show that the eigenvalues of J, are 3 [tr(.]s)j:\/[tr(Js)]2 — 4det(Js)|.
b) Show that if tr(Js) > 0, then y is unstable.

c¢) Show that if det(Js) < 0, then y is unstable.

d) Show that if det(J,) > 0 and tr(J,) < 0, then y, is asymptotically
stable.

A model for how a joke moves through a population involves three
groups: S is the population that either has not heard the joke, or does
not remember it, T is the population of those who know the joke and
they will tell it to others, and R is the population who know the joke
but will not tell it to others (they are not good joke tellers or they
don’t think it’s all that funny). As shown in Holmes [2019],

% — _2aST + B(N - S).
dT

where N is the total number of individuals in the population (it is
constant). The coefficients « and 3 are positive constants. Also, once
S and T are determined, then R=N —T — S.

a) There are two steady states, what are they?
b) One of the steady states has T = 0. When is it asymptotically
stable?
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c) One of the steady states has T" # 0. When is it asymptotically
stable?

d) The « is the telling parameter, so a larger o means the joke is
being told more often. Similarly, g is the forgetting parameter, so
a larger § means the joke is being forgotten faster. Based on your
answers from parts (b) and (c¢), under what conditions will the joke
disappear from the population?

5.3 = Periodic Solutions

With the stability test derived in the previous section, we have a fairly
good tool for determining if, and when, the solution of a nonlinear system
will come to rest. The next question concerns what can be learned about
periodic solutions. This is needed as periodicity plays an important role
in our lives, and examples are the sleep-wake cycle and the periodic events
associated with the Earth’s rotation.

To begin, it’s best to define what is meant by periodicity. A solution
of y' = f(y) is periodic if there is a positive number T so that

y(t+T)=y(t), Vt > 0. (5.21)

The smallest positive T, if it exists, is the period.

We will only consider problems that come from Newton’s second law.
Specifically, if u(t) is the displacement, and F is a function of u, then
F = ma gives us the differential equation

mu” = F(u). (5.22)

Letting v = v/, then the above equation can be written in system form as

u =, (5.23)
v = %F(u) (5.24)

It is not hard to show that if u(¢) is periodic with period T', then the
velocity v(t) is also periodic with period T'. Consequently, (5.21) is sat-
isfied, and so the solution is periodic. Examples of what are, or are not,
periodic are explored in more depth in Exercise 3.

We will first find a way to determine the solution curve in the phase
plane directly from the differential equation and initial conditions. Once
that is done, we will then be able to determine the period T, as well as
other properties of the solution.

Example: Mass-Spring

In Section 3.10, it was shown that the displacement u(t) of a mass in
a spring-mass system satisfies mu” + ku = 0. The general solution of
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v-axis
o

-2t . . .
-2 -1 0 1 2
u-axis

Figure 5.10. Elliptical path, given in (5.26), that is followed by the solution
of the mass-spring IVP. The blue dot is the location of the initial condition.

this equation can be written as u = Rcos(wot — ¢), and v = v/ =

—woRsin(wot — @), where wg = /k/m. Consequently, the solution is
periodic, with period T' = 27 /wp. The key observation here is that, using
the identity cos?6 + sin?6 = 1,

() +(Gr) =1

1
u? + —v® = R (5.25)
Wo

or equivalently

This is an equation for an ellipse in the u,v-plane. As an example, suppose
that m = 1, k = 4, and the initial conditions are «(0) = 1 and v(0) = 0.
In this case, u = cos(2t), v = —25sin(2t), and from (5.25), the ellipse is
2 1o
u® + V= 1. (5.26)

This curve is shown in Figure 5.10. Because the period is T" = =, the
solution goes around the ellipse and returns to the starting point (1,0) at
t=m, 2w, 37, .. ..

To see what can be learned from the system form of the problem, the
equations are

v = —wiu.

This can be used to determine the direction of the arrows in Figure 5.10.
Since v = —wju, using the initial condition given earlier, v/(0) = —w?.
The fact that this is negative means that v must decrease as it leaves
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the initial point, and so the direction of motion is clockwise around the
curve. Note that it is not possible for the solution to reverse direction on
the curve because this would require that there is a point on the curve
where ©/ = 0 and v’ = 0. Such a point corresponds to a steady state, and
the only steady state for this problem is the origin. M

The important conclusion coming from the above example is that,
no matter what time ¢ you select, the solution is located somewhere on
the curve shown in Figure 5.10. Having a closed curve like this is a
requirement for the solution to be periodic. The reason is that a solution
traces out a curve in the phase plane, whether the solution is periodic or
not (see Table 4.1 for examples). For the solution to be periodic, it must
return to its original position, and that is why a closed curve as in Figure
5.10 is required. What is shown below is how to determine this curve
without actually knowing what the solution is.

5.3.1 = Closed Solution Curves and Hamiltonians

It is possible to find the equation for the closed curve without too much
trouble if the differential equation comes from Newton’s second law, F' =
ma. To explain, if u(t) is the displacement, and F' is a function of u, then
F = ma gives us the differential equation mu” = F(u). Multiplying this
by the velocity u’, and remembering that v = u/, we get that

muv’ = F(u)u'. (5.27)

The key is to observe that the left hand side can be written as

(zm?)

dt \2 ’
To do the same for the right hand side, let V(u) be such that V'(u) =
—F(u). In this case, the right hand side of (5.27) can be written as
dvVdu  d

=——V(u).

Fluwu = — 2222 =
(u)u du dt — di

What we have done is to rewrite (5.27) as

d /1
= (ﬁmqﬂ + V(u)) = 0. (5.28)
Integrating this equation,
L,
5 +V(u) =c. (5.29)

The value of the constant ¢ is determined from the initial conditions.
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There is a physical interpretation of the equation we have derived that
is worth knowing about. The left hand side of (5.29) is

H(u,v) = %mv2 + V(). (5.30)

This function is a Hamiltonian for the differential equation. In this in-
stance it is the total mechanical energy of the system, and it consists of
the sum of the kinetic energy, %va, and a potential energy, V (u). What
we have shown in (5.29) is that the total energy is constant. So, the solu-
tion moves along a constant energy curve determined by the Hamiltonian
and the initial conditions.

Not every forcing function F'(u) will result in (5.29) being a closed
curve. Moreover, it is typical that when F'(u) is nonlinear, that not all
initial conditions, if any, will yield a closed curve. Examples of these
situations are given below.

Finally, as is often the case in mathematics, it is not recommended that
you memorize the formula given in (5.29). It is better that you remember
how it is derived. Namely, you multiply the second-order equation by the
velocity, and then rewrite the terms as derivatives.

Example: Mass-Spring Revisited

Starting with the equation
mau” + ku = 0,
we multiply by v/ and obtain
mov’ + kuu' = 0.

This can be written as

i <%mvz + %ku2> =0.

This means that . )
imv2 + ilmﬂ =c,

where c is an arbitrary constant. Taking, as in the last example, u(0) = 1,
v(0) =0, m =1, and k = 4, and substituting these values into the above

equation we find that ¢ = 2. Consequently, the above equation becomes
u? + ~o? = 1. (5.31)

This is exactly the same equation (5.26) we derived earlier using the
known solution to the problem. What is significant is that we have found
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this curve without first finding the solution of the problem. M

It was mentioned earlier that not every forcing function will result in
a closed curve. For the above mass-spring problem the spring force is
F = —km. This is attractive, in the sense that it pulls the mass back
towards the rest position v = 0. If the force is repelling, so F' = km,
then instead of (5.31), you get u? — %2}2 = 1. This is an equation for a

hyperbola, which is not a close curve.

Example: Pendulum

The equation for the angular deflection of a pendulum can be written as

d%0
where o = g/¢. Introducing the angular velocity v = ¢’, then we obtain
the first-order system

0 =, (5.33)
v/ = —asiné. (5.34)
In this example, assume that a = 4, and that the initial conditions are
6(0) = w/4 and v(0) = 0. To determine the closed solution curve, we
multiply (5.32) by the velocity v = @', giving us

vv' = —46'sin 6.
Writing this as
a1l , d
@5’0 = a(é‘:COSQ),

and then integrating gives us the equation
1
51)2 —4cosf =c.

With the initial conditions we find that ¢ = —2v/2, and so the equation
for the curve takes the form

v? — 8cosf = —4V/2. (5.35)

The curve obtained from this equation is shown in Figure 5.11.

The direction of the arrows can be determined from the v’ equation
(5.34). Namely, since v/(0) = —asin((0)) = —2v/2, and this is negative,
then v must decrease as it leaves the initial point. Therefore, the direction
of motion is clockwise around the curve.
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-ml4 0 w4
f-axis

Figure 5.11. Path followed by the solution of the pendulum example.

t-axis

Figure 5.12. Solution curves for 6(t) and v(t) for the pendulum solution
shown in Figure 5.11.

It is possible to determine various properties of the solution from
(5.35). For example, the maximum velocity vy occurs when v = 0.
Since v/ = —4sin6, then from Figure 5.11 it is apparent that the only
solution is # = 0. In this case, from (5.35), v? = 4(2 — v/2). Therefore,
vy =2V2 — /2.

Finally, to illustrate the periodicity of the individual components of
the solution, both # and v are plotted in Figure 5.12 as functions of ¢.
An interesting question is whether it is possible to determine the period
of these functions without knowing the solution. It is, and how this is
possible will be explained in the next section W

Example: Librating versus Circulating Motion

For a pendulum, if the initial velocity is large enough, then the mass will
go all the way around, pass through 6 = 7 (or, § = —7) and return to
where it started. It will continue to do this indefinitely. This motion is
periodic, but it does not satisfy the definition of a periodic solution given
in (5.21). In mechanics it is called a circulating, or rotating, motion. In
contrast, the tick-toc type of periodic motion considered in the previous
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example is referred to as libration.

The integral curves for the pendulum are shown in Figure 5.13. The
closed, solid blue, curves correspond to the periodic solutions discussed
earlier. The dashed curves are some of the possible circulating solutions.
On these curves, the angular coordinate 6 increases monotonically if v > 0,
and decreases monotonically if v < 0. In the physical plane this corre-
sponds to the mass continually making complete circuits around the pivot
point (i.e., it is making a circulating motion).

The red curves in Figure 5.13 form what is known as the separatriz
for the pendulum. If you start at a point on the separatrix, the solution
will approach the vertical, unstable, steady state. W

5.3.2 = Finding the Period

Once the closed curve formed by the periodic solution is known, it is
possible to find the period. As usual, it is easiest to explained how this
is done using examples.

Example: Mass-Spring

The equation for the curve is given in (5.31). Solving this for v yields v =
+2+v/1 — u2. Which sign you use depends on what part of the curve you
are considering. In Figure 5.10 the two v intercepts are u = +1. So, for
the lower part of the curve connecting (1,0) to (—1,0), v is negative, and
so v = —2v/1 —u2. Since v = u/, then we have the first-order differential

equation

d

di; = —2v/1— 2.
This equation is separable, which yields

Figure 5.13. Phase portrait for the pendulum equations (5.33), (5.34), when o = 4.
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Carrying out the integrations,
arcsin(u) = —2t + c.

Given that u =1 at t =0, then ¢ = /2.
To determine the period, we solve the above equation for ¢ to obtain

™

t=— (5 - arcsin(u)).

It is now possible to determine how long it takes for the solution to move
along the lower half of the curve and arrive at (—1,0). Namely, letting
u = —1 in the above equation we get that

t= l(z - arcsin(—l)) =

T
2 2"

To compute the time to transverse the upper part of the curve, you can
either use the separation of variables approach or you can use the sym-
metry of the solution curve. Both yield the result that the time is 7/2.

Therefore, the period is the sum, which means that T = w. This agrees
with what we found earlier using the exact solution to the problem. H

Example: Pendulum

The equation for the curve is given in (5.35). Solving this for v yields

v = +2v/2cosf — /2. The lower part of the solution curve, shown in
Figure 5.11, goes from (7/4,0) to (—7/4,0). On this part of the curve

v = —2v/2cosf — /2, which gives us the first-order differential equation

do /
y = —2¢/2cosh — V2.

This equation is separable, which yields

= 2t+ec

/ de
V2cosh — /2
In anticipation of imposing the initial condition, the above integral is

written as

0
d
" — 2% +e

0 \V/2cosr — /2 -
Now, given that 6(0) = = /4, then 6y = 7/4 and ¢ = 0. The above
equation then takes the form

6
/ S —
/4 \/2cosr—\/§
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The time to reach § = —m /4 is therefore

1 /4 dr
t=—=

2 /4 \/2cosr—\/§
1 j/”/4 dr
2 —/4 20037“—\/5'
Using the separation of variables approach, or using the symmetry of the

solution curve, the time to transverse the upper part of the curve is the
same as the above value. Therefore, the period 1" for the pendulum is

w/4
T:/ S — (5.36)
—m/4 \/2cosr — \/5

So, we have a formula for the period that does not require knowing the
solution. The complication is that it is an improper integral, of the type
often referred to in a calculus textbook as “Type II,” which means the
integrand becomes infinite at the endpoints. It is not possible to carry out
the integration in terms of elementary functions, but it is easy to evaluate
it using a computer. Doing so, one finds that T'=3.267.... H

We have been able to determine a great deal about the properties
of a periodic solution, without actually knowing what the solution is.
As stated earlier, this is significant as most of the nonlinear problems
that give rise to a periodic solution can not be solved explicitly using
elementary functions. Consequently, they are almost always solved nu-
merically. Our results complement what can be learned numerically, as
we have been able to derive analytical formulas for the period, the closed
curve, and other components of the solution. This makes it much easier
to determine how the solution changes when the initial conditions, or the
parameters appearing in the equations, are changed.

Exercises

1. Find a Hamiltonian function H (u,v) for each of the following.

a) 2u” +3e?* —-3=0 c) 5u" + Tu+ 6u® = 0
u
b)u”+m:0 d) v +4uv1+u? =0

2. It is common to define the potential energy relative to a steady state
solution © = us. This means that the arbitrary constant in the po-
tential energy is determined so that V(us) = 0. For the equations in
Exercise 1, what is the kinetic energy and the potential energy relative
to the steady state?
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3. This problem considers periodic, and non-periodic, solutions of y' =
fy).
a) Explain why any steady state is a periodic solution of this equation.

b) Suppose that yy, given below, is a solution. Is it a periodic solution?

_<sint> _<sint>
Y=\ sin(3t) ~ \sin(rt)

c¢) Suppose that y., given above, is a solution. Is it a periodic solution?
d) Show that if u(¢) is periodic with period T, then v(t) = «/(¢) is also
periodic with period T'.
e) Suppose that v = u/. Give an example where v(t) is periodic, but
u(t) is not periodic.
4. In this problem assume that the curve coming from (5.29) has the form
shown in Figure 5.14. Also, assume u = uy is a steady state value.

a) Explain why the maximum, and minimum, velocity occurs when
u = us. How many steady states are there for this problem?

b) Use the fact that there are two u-intercepts to explain why it is not
possible that V (u) = u3.

c) If F'(us) < 0, explain why V(u) has a local minimum at u = wus.

d) Using what you learned in parts (a)-(c), sketch V(u). In doing this
assume that F’(us) < 0 and V(us) = 0.

5. The problem concerns a Duffing oscillator, and the differential equation
is u”4+u+u® = 0. Assume the initial conditions are u(0) = 1 and v(0) =
0. This equation comes from a mass-spring system, as shown in Figure
3.2, where the restoring force of the spring is nonlinear (specifically,
it’s cubic) rather than the linear form assumed using Hooke’s law.

a) The path followed by the solution is shown in Figure 5.15. Find the
equation for this closed curve.

b) Find the steady-state, show that it is not on the curve you found
in part (a).

v-axis
o

u-axis

Figure 5.14. Path followed by the solution for Exercise 4.
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v-axis
o
T
I
I
L

u-axis

Figure 5.15. Path followed by the solution of the Duffing oscillator in Exercise 5.

¢) Draw arrows on the curve indicating the direction of motion. Make
sure to explain how you determine this.

d) What is the maximum velocity?
e) What is the minimum displacement?
f) Find a formula, similar to the one in (5.36), for the period.

. The problem concerns what is known as a Morse oscillator, and the

differential equation is
u’ + 2(1 — e*“)e*“ =0.

Assume the initial conditions are u(0) = 1 and v(0) = 0. This equation

arises when studying the vibrational energy of a diatomic molecule.

a) The path followed by the solution is shown in Figure 5.16. Find the
equation for this closed curve.

b) Find the steady-state, show that it is not on the curve you found
in part (a).

c¢) Draw arrows on the curve indicating the direction of motion. Make
sure to explain how you determine this.

d) What is the maximum velocity?

e) What is the minimum displacement?

f) Find a formula, similar to the one in (5.36), for the period.

v-axis
o
T
L

L
0
u-axis

Figure 5.16. Path followed by the solution of the Morse oscillator in Exercise 6.
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7. This problem concerns the generalization of the Hamiltonian to the
general system in (5.4), (5.5). Assume that there is a function H(u,v)

so that OH SH
% = f(u, ’U) and % =

Also, assume that f and g are smooth functions of u and wv.

a) Explain why (5.37) requires that f,, = —g,. If this holds then (5.4),
(5.5) is said to be a Hamiltonian system.

b) Show that the H(u,v) given in (5.30) satisfies (5.37).

c) Use (5.37) to show that %H = 0. So, H(u,v) = ¢, where c is a

constant, and in this sense H (u,v) is a Hamiltonian for the system.
2

—g(u,v). (5.37)

d) Find a Hamiltonian for v’ = v* — u, v/ = v — 2u.

e) Under what condition is the linear system y’ = Ay, where

a Hamiltonian system? Assuming this holds, find H (u,v).

5.4 - Motion in a Central Force Field

The problem of interest concerns the motion in three dimensions of a
particle that is subjected to a radial force F. The specific assumption is

that 1
F = —-f(r)x, (5.38)

r
where x(t) is the position of the particle and r = ||x||. From Newton’s

second law, the resulting differential equation is
! 1
mx' = —f(r)x, (5.39)
r

where m is the mass of the particle. As for the initial conditions, it
is assumed that the initial position x(0) = xo and the initial velocity
x'(0) = vy are given. To avoid some uninteresting situations, it is assumed
that x¢ x vg # 0.

The force F can be thought of as coming from the interaction with a
particle located at the center. For example, if the force is gravity, then
f(r) = —k/r?, where k = GMm. In contrast, if the particles are charged
and the force is electrostatic, then f(r) = —k/r?, where k = —qQ/4meo.
The definition of the various constants making up & is not important here,
other than to know that it is possible for k£ to be positive or negative. In
particular, it is positive for a gravitational force, and for an electrostatic
force if the charges of the particles are opposite. It is negative for an
electrostatic force if the charges of the particles are the same.
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x

Figure 5.17. A particle, the red dot, orbits a particle located at the origin.
The orbit curve lies in a plane containing the origin and has normal n, where n is
parallel to p = Xo X Vvo.

The solution of (5.39) can be shown to lie in a plane that has a normal
vector n that is parallel to p = x¢ X v (see Exercise 6). We will orient
the coordinate system so the z-axis is in the n direction, which means
that the solution of (5.39) is confined to the z,y-plane. To take advantage
of this, we will use polar coordinates and write z(t) = r(¢)cos(t) and
y(t) = r(t)sinf(t). After some routine change of variables calculations
one finds that (5.39) reduces to

m[r" — T(GI)Q] = f(r), (5.40)
dr g
— 9] = 0. 5.41
AR (5.41)
The last equation gives us that 726’ = p, where p is a constant, and this
means that the first equation reduces to
2
mr’ = f(r) + e (5.42)
r
This is a force balance equation, where f(r) is the force introduced earlier
and mp?/r3 is an outward directed force due to angular momentum.
The second-order differential equation (5.42) can be written as a first-

order nonlinear system by letting v = r/, giving

r' =, (5.43)

p2

;1
o =)+ 5 (5.44)

It is worth knowing that in the derivation of (5.42), it is found that
p = ||x0 X vol|. So, p is a positive constant that is known from the initial
conditions.

5.4.1 = Steady States

The steady states, if there are any, satisfy v = 0 and 73 f(r) + mp® = 0.
Assuming that f(r) = —k/r?, then to be a steady state it is required that
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v-axis
o

Vv-axis
o

i
=

u_ 0 u 0 u_ u
+

u-axis u-axis

Figure 5.18. Two possible elliptical curves coming from (5.47). The u-
intercepts for each ellipse are u— and u4.

kr = mp?. This means we need k > 0, and the resulting steady state is
r = 1, Where
mp?
re = —.

k
Also, since 20" = p, then § = wt + 6y, where w = k?/m?p3. The corre-
sponding solution is a circular orbit in the x,y-plane, with radius r = r;

and period 27 /w.
To check the stability, note that

0 1 0 1
J = 2 = .
w%f? — 3% 0 —p?/rt 0

From this one finds that the eigenvalues are +ip/r2, which means that the
stability of the steady state is indeterminate using the Linearized Stability
Theorem.

5.4.2 « Periodic Orbit

The next question is whether the solution is periodic. Said another way,
we would like to know if the particle orbits the particle that is located
at the origin. To find the closed curve formed by the solution, if there is
one, we multiply (5.42) by 7’. From this, and remembering that we have
taken f(r) = —k/r?, it is found that
1 5 mp* k
im’l) + 277/.2 — ; =C, (545)
where ¢ is a constant determined by the initial conditions. Completing
the square, we get that
1 1\2
2, .2 2
-——) = 5.46
P ) =d (5.46)
2
where ¢ = v + p? (1/7“0 - 1/rs> , 7(0) = 19, and v(0) = vy.
To answer the question about a periodic orbit, it will make things
easier if we let u =1/r. So, (5.46) takes the form

2
v? + p? (u - us> =c2 (5.47)
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where ug = 1/rs. This is an equation for an ellipse in the u,v-plane with
center (u,v) = (us,0). Two representative elliptical paths obtained from
this equation are shown in Figure 5.18. Since u = 1/r, then u must
be positive. This means that the dashed portion of the ellipse on the
left is not possible physically. To determine whether the ellipse has only
positive values, we can use the u intercepts. Setting v = 0 in (5.47) yields
uts = us = co/p. As shown in Exercise 7, to have u_ > 0 it is required
that k > mr(0)3[0’(0)]?. Therefore, as long as the initial angular velocity
6’(0) is not too large, the particle will orbit the particle at the origin.

To demonstrate what a solution curve looks like, the numerical solu-
tion of the central force problem in (5.42) is shown in Figure 5.19. The
orbital path in the r,v-plane is on the left. The physical path, in the
x,y-plane, is shown on the right.

The question arises as what happens when you get an ellipse like the
one on the left in Figure 5.18. Irrespective of which point you start at
on the solid curve, and no matter which direction you go on the curve, u
approaches zero. In other words, r — co. Physically, what is happening
is that the angular momentum is so large that an orbit is not possible,
and the particle simply escapes whatever hold the particle at the origin
might have on it. It is also evident from Figure 5.18, contrary to what
is often shown in cartoons, that the particle does not make several orbits
around the origin before escaping. In fact, the particle is incapable of
making even one complete orbit.

Exercises

1. Suppose the law of gravity results in f(r) = —k/r3, where & > 0. You
can assume that k # mp?.

a) Are there any steady state solutions? If so, check on their stability.

1.5 0.7f
a ]
é 0 "é 0r
> >
15 . . -0.6 ¢ . . e
0 1 2 0 1 2
r-axis x-axis

Figure 5.19. Numerical solution of (5.42) in the case of when the solution is
periodic. The initial position, and direction of motion, are shown on each curve. The
two time points used to place the direction arrows on the left are the same time points
used on the right.
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b) Assuming there is a periodic solution, determine its equation in the
u,v-plane.

c¢) Use your result from part (b) to explain why there is no periodic
solution of this problem.

. Suppose the law of gravity results in f(r) = —kr, where k > 0. Note

that this is assuming that gravity acts like an elastic spring.

a) Are there any steady state solutions? If so, check on their stability.

b) Assuming there is a periodic solution, determine its equation in the
r,v-plane.

c) The solution curve is shown in Figure 5.20 in the case of when
r(0) = 79 and v(0) = 0. Show that the second r intercept is at
ro(rs/T0)%, where 7y is the steady state you found in part (a).

d) Where is the steady state located in Figure 5.207

. This problem concerns the solution shown in Figure 5.19.

a) In Figure 5.19(left), where is rg located?

b) In Figure 5.19(right), sketch in the circular orbit derived in Section
5.4.1.

. What initial conditions correspond to someone throwing a baseball so

that it encircles the Earth at a constant height, and then returns to
the person who threw it? Some of the results from Exercise 7 might
be useful here. Assume the Earth is a smooth sphere with radius R.

. This exercise explores the usefulness of making the change of variables

from r, ¢ to u, 7, where u(7) = 1/r and 7 = 6(¢t). This is an approach
often used in physics textbooks.

a) Show that r'(t) = —pu/(7), and 7" (t) = —p?u?u (7).

b) The mathematical requirement for the change of variables to be

valid is that 6(t) is a strictly monotonic function of ¢t. Explain why
this holds in this problem.

c¢) Using the results from part (a), show that (5.42) takes the form

U

r-axis

Figure 5.20. Solution curve for the problem in Exercise 2.
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d) Assuming that f(r) = —k/r?, find the general solution of the result-
ing differential equation in part (¢). In doing this, use (3.22) when
writing down the general solution of the associated homogeneous
equation. Also, what is the resulting formula for 7

e) Use the results from Exercise 7 to show that u(0) = 1/z¢ and
u'(0) = —z(/(xoy). Use these to find the two arbitrary constants
in your solution in (d).

. Let p = x x x/. In this exercise you will likely need to review the

properties of the cross product you learned in calculus.

a) Show that p’ = 0. This means that p is a constant vector, and
so, from the initial conditions, p = xg X vg. It is assumed that
Xp X Vo 7é 0.

b) Explain why p-x = 0 and p - x’ = 0. Why does this mean that
x and x’ are in the plane that is perpendicular to p, and which
contains the origin?

c¢) Assuming x = (r(t)cosf(t),r(t)sind(t),0), show that p = r20'k,
where k is the unit vector pointing in the positive z-direction.

d) The plane has normal p as well as normal —p. Which one is used
when orientating the positive z-axis in such a way that 726’ > 0?

. This problem determines how the initial conditions for (5.38) con-

tribute to the reduced problem for the orbit. Assume that xg =
(70,0,0)T and vy = (), yh,0)T, where x¢, zj, and y}, are given with
xo and y;, both positive. The superscript T" indicates transpose. Also,
assume that f(r) = —k/r? and 6(0) = 0.

a) Show that p = zoy;.

b) Show that the initial conditions for (5.42) are r(0) = o, 7' (0) = .
¢) Show that u_ > 0 reduces to the requirement that k > mwo(y))>.
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Laplace Transform

We have found that to solve y” 4 by’ 4 cy = 0 you assume that y = e,
and for X’ = Ax you assume that x = ae”’. What is notable here is the
exponential dependence of the solution on t. It is possible to extend this
assumption in such a way that it is possible to solve a wide variety of
more complicated problems, such as those involving partial differential
equations. This chapter concerns one such extension.

6.1 = Definition

The generalization we are interested in called the Laplace transform, and
its definition is given next.

Laplace Transform. Given a function y(t), for 0 <t < oo, its Laplace
transform Y (s) is defined as

Y(s) = /0 et (6.1)

It will be useful to have a more compact notation for the integral in this
expression, and this will be done by writing the above formula as

Y(s) = L(y). (6.2)

The Laplace variable s is analogous to the  used in the assumption y = e’

or x = ae’t. Consequently, it should not be a surprise to find out that
the variable s is, in general, complex-valued.
Improper integrals similar to the one appearing in (6.1) are covered in

the Techniques of Integration chapter in your standard calculus textbook.

Introduction to Differential Equations, M. H. Holmes, 2023
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As you should recall, they are defined using a limit, which in this case is

T
Y(s) = lim y(t)e 5dt.
T—oo Jg

There is a slight complication here because s is complex-valued. For this
reason, use of the limit is postponed until Sections 6.5 and 6.6. Instead,
the first part of this chapter concentrates on the operational use of Laplace
transforms, with the goal of solving differential equations. After that,
applications to distributions and linear systems are considered.

The key tool in what follows is Table 6.1 (on page 158). For the
functions y(t) listed in the third column of that table, their corresponding
Laplace transform Y'(s) is given in the second column.

Example 1: If y(t) = sin 2t, find Y (s).

Answer: Noting that y(¢) is given in Property 10 of the table, with
a =0 and w = 2, then its Laplace transform is

2
Y(s) = ——.
(s) s2+4
This can also be written as
2
n2t)=———. N .
L(sin 2t) 2 (6.3)

6.1.1 = Linearity Property

Because of the way it’s defined, the Laplace transform inherits the basic
properties of integration. Of particular importance is linearity. Namely,
if ¢1 and ¢y are constants, then

L(ciyr + cay2) = e1L(y1) + c2L(y2). (6.4)
Another way to write this is, if y(t) = c1y1(¢) + coy2(t), then
Y (s) = a1Yi(s) + c2Ya(s), (6.5)

where Y7 and Y5 are the Laplace transforms for y; and yo, respectively.
Because the Laplace transform has this property, it is said to be a linear
operator. The usefulness of the linearity of the Laplace transform is why
it is listed as Property 1 in Table 6.1.
Example 2: If y(t) = 3t — 2¢~*, find Y (s).

Answer: According to (6.4),

L(3t—2e ") =3L(t) —2L(e™™).
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From Property 9, with n = 1 and a = 0, we have that L( )
1/s%. Similarly, from Property 8, with a = 4, L(e™*) = 1/(s +4)*.
Therefore,

N

Y(s) = 532 _ (354)2 = (6.6)

It is possible to extend the usefulness of Table 6.1 by using some of the
properties of a Laplace transform. Exercise 2 considers one of particular
note.

Exercises

1. Find the Laplace transform of the following functions.

a) y = —edt e) y = 4t> i) y =75+ 2e3sin(4t)
b) y=3+4t f) y=(t—3)? j) y = 3e! + 4cos(2t)
c) y=2t+Tet g) y=4(t+1)? k) y = cos(t) sin(2t)

)y =
d)y=e"2 —4te™  h) y=—10cos(8) 1) y=sin?(5t)

2. If n is a positive integer, then E(t"y) = (—1)”%5@). So,

E(ty):—%ﬁ(y), and L(t%y) = 2L ). (6.7)

For example, since £(cost) = °7 , then L(t cost) = — L (s/(s*+1)) =
(s2 —1)/(s* +1)2. In a similar manner, find the Laplace transform of

the following functions:

a) tsin(3t) b) 6t cos(7t) c) t2 cos(t) d) te~? sin(5t)

3. Assuming that aq, as, - - -, a, are given numbers, determine the Laplace
transform of the following;:

a) Z axt" b) Z ape kt c) Z a, sin(kmt)
k=0 k=0 k=1

6.2 = Inverse Laplace Transform

As will be seen when we get around to solving differential equations, we
will use the Laplace transform to change the problem from solving for y
to solving for Y. It is actually fairly easy to do this. Once Y is known,
it is then necessary to determine y. This requires us to know how to find
the inverse Laplace transform, and this will be done using Table 6.1.



158

Chapter 6. Laplace Transform

Y(s) = L(y) y(t) = L7HY)
1. | aY(s) + bV (s) ay(t) + bu(t)
2. | W(s)Y(s) /Ot w(t —r)y(r)dr
3. | sv(s) v #) + (0
4. |1 Y (s) /t y(r)dr
i 0
5. | e %Y (s) y(t —a)H(t —a) fora>0
6. | Y(s+a) e~ %y(t)
7. Te® H(t—a) fora>0
8. H—La e
9. (s—i—Z;”"’l the=% forn=1,2,3,...
10. (SJraL)UQerQ e~ % sin(wt)
11. (s+z—)'—21w2 e~ % cos(wt)
[c—l— (ac+ d)t] e if s1=s0=ua
12. #—8—82) ﬁ[(ac +d)e — (be + d)ebt} if i; — %
pat [c cos(bt) + 2ctd sin(bt)] f z; _ Zi_ ;2
13.] e %* d(t—a) fora>0
4] e i ()t M a) for 37
15. %e““Y(S) H(t - a)/ota y(r)dr for a >0

Table 6.1. Laplace and inverse Laplace transforms. The function H(x) is
defined in (6.25), and 6(t) is defined in Section 6.7.1.
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Using the £(y) notation, the inverse Laplace transform is written as
L7Y(Y). For example, from (6.3),

2

E(Sin 2t) = m,
S

so the inverse transform is

Similarly, from (6.6),

3 2
-1({< = —3t—92 —4t‘
£ (52 (S+4)2) 3 €

The above formula is an illustration that the linearity property applies to
the inverse transform. The formula is

£t (01Y1 + CQYQ) = Clﬁfl(Yl) + Cgﬁfl(Yg).
This is used for many, if not most, of the examples in this chapter.
3 7s

T2 52425
Answer: Using the linearity property,

Example 1: If Y(s) find y(t).

LYy) = 5—1( 5 7s )

2 s2+25

B 35_1<?12) - m_l<32 j— 25)'

From Property 9 in Table 6.1, with n =1 and a = 0,

£*1(8%> =t.

Similarly, from Property 11, with a =0, and w = 5,

£t <32 j_ 25) = cos(5t).

Therefore,
y(t) = L7 (Y) =3t — Tcos(5t). W

Example 2: Find the inverse transform of

2

e
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Answer: To use a direct approach, we will break Y (s) down into
simpler components by using partial fractions. This is done as fol-
lows:
2 _As+B  Cs+D
(s2+1)(s2+4) s2+1 Ty
(A+C)s3+ (B+ D)s*+ (4A+C)s+4B+ D
(s +1)(s? +4) '

Equating like powers of s in the numerators, we get that A4+C = 0,
B+D=0,4A+C =0, and 4B + D = 2. Solving these equations
one finds that A =0, B =2/3, C =0, and D = —2/3. So, using
Table 6.1,

571((52 + 1)2(32 +4)> - §£1<3211> ; 251(5214)
2
3

1
= —sint — — sin 2¢.
3

There is another way to derive this result, that does not use partial
fractions, and this is shown in Section 6.3. W

Exercises

1. Find the inverse Laplace transform of the following functions.

WY =g W)Y =G

b)Y =i + ) Y=o — 2

¢) Y =z )Y :(531)2 + (5+22)3 + (5—63)4
Q) v = W) v =2

o ¥ =55 ) Y=g -

H Y =aim mY =5y

) Y =) WY =55

. Find the inverse Laplace transform of the following functions using

Property 4 of Table 6.1.

a) Y :@ b) Y :s(sfél)Q Q)Y =
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6.3 = Properties of the Laplace Transform

What follows is the derivation of Properties 2 and 3 in Table 6.1. They
are important as they will be needed when solving differential equations.

6.3.1 = Transformation of Derivatives

One of the hallmarks of the Laplace transform, as with most integral
transforms, is that it converts differentiation into multiplication. To ex-

plain what this means, using integration by parts (with u = e™*! and
dv = y/(t)dt), we have the following:
o
L) = [ e ar
0 N .
=ye |+ s/ ye Stdt
t=0 0
= sL(y) —y(0). (6.8)

It has been assumed that lim; o y(t)e™*! = 0 (this limit is discussed
in more depth in Section 6.6). It has also been assumed that y/(t) is
piecewise continuous, and y(t) is continuous, for ¢ > 0.

The above formula can be used to find the transform of higher deriva-
tives. As an example, for the second derivative, since y” = (y')’, we have
that

L(y") =sLy') —y'(0)
= s[sL(y) —y(0)] —'(0)
= 5*L(y) —y'(0) — sy(0). (6.9)

The new requirements here are that lim;_, y/'(t)e™5! = 0, 3" (t) is piece-
wise continuous, and /() is continuous, for ¢ > 0.

There are similar formulas for the Laplace transform of the higher
derivatives, but they are not needed in this text.

Example 1: Find the Laplace transform of 3’ + 3y, where y(0) = 2.

Answer: Using the linearity of the transform, and the derivative
formula (6.8),

L(y' +3y) = L(y') + 3L(y)
=sL(y) —y(0) +3L(y)
=(s4+3)Y(s)—2. W
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6.3.2 = Convolution Theorem

A common integral that arises when solving differential equations is a
convolution integral of the form

y(t) = /0 w(t —7)f(T)dr. (6.10)

Taking the Laplace transform of this equation we obtain
o] t
L(y) = / / w(t — 1) f(T)e Stdrdt
o Jo
:/ / w(t — ) f(T)e” S dtdr.
0 T

In the last line above, interchanging the order of integration used the fact
that 0 <t < o0, 0 < 7 < tisequivalent to 0 < 7 < 00, 7 < t < co. Now,
making the change of variables ¢ = r + 7 in the inner integral, we get that

)= [ [ wse s i

_ /O (f(T)e—ST /0 Oow(r)e_STdr)dT

=W (s)F(s).

Using the inverse transform this can be written as

LYW (s)F(s)) = / w(t — ) f()dr, (6.11)
0

where w(t) = L~Y(W) and f(t) = L~}(F). This is Property 2, in Table
6.1, and it is known as the convolution theorem.

Example 2: Use the convolution theorem to find the inverse transform

of
2

(s2+1)(s*+4)
Answer: Taking W (s) = 2/(s®> + 1) and F(s) = 1/(s?> + 4), then
w(t) = 2sint and f(t) = % sin(2¢t). So, from (6.11) and the identity
2sinfsin ¢ = cos(6 — @) — cos(0 + @),

£—1<(82 - 1)2(32 " 4)) = /Ot sin(t — 7) sin(27)dr

= % /0 (cos(t — 37) — cos(t + 7))dr

_ gsin(t) _ %sin(Qt). n
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Exercises

1. Find the Laplace transform in terms of Y (s).

L(y — 4y), where y(0) = 1
b) £(2y’ + Ty), where y(0) = —2
c¢) L(y" +5y), where y(0) =1 and y'(0) = —1
d) L(y" + 3y’ — 2y), where y(0) =1 and y'(0) = —3
e) L£(4y” +2y'), where y(0) = —1 and y'(0) = 1
2. Use the convolution theorem, as given in (6.11), to find the inverse
transform.
a) Wlhrl) , taking W (s) zﬁ and F(s) :,ﬁlﬁ
b) 2+1 3, taking W(s) fﬁ and F(s) =21
) G ) S
9 D ey

6.4 = Solving Differential Equations

The examples to follow illustrate how to use the Laplace transform to
solve a linear initial value problem. As you will see, it is fairly easy to
transform the equation and then solve for Y (s). Most of the work is done
trying to determine the inverse transform to find y(¢).

Example 1: Solve y' + 3y = €', where y(0) = 2.
Answer: The first step is to take the Laplace transform of the dif-
ferential equation, which gives

Ly +3y) = L(e™).

Using the linearity of the transform, and the derivative formula
(6.8),

Ly +3y) = L(y) +3L(y)
= sL(y) —y(0) + 3L(y) (6.12)
=(s+3)Y(s) —2.

Also, using Property 8 from Table 6.1,

1

£(€2t) = E .
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The transformed problem is therefore (s+3)Y —2 =1/(s—2), and
from this we get that

1 1
Y = (2 )
s+ 3 +3—2

Consequently, using Table 6.1 (Properties 8 and 12),

y=L7y) =207 (- —|1- ) +£_1<<3+3)1(3—2))

. 1
Qe—dt g (62t e—3t)
9 1
= 56_31: + gCQt. [ |

Example 2: Solve 3y’ + ¢’ — 2y = —sint, where y(0) =1 and '(0) = 1.

Answer: Taking the Laplace transform of the differential equation
Ly +1y —2y) = L(—sint).

Using the linearity of the transform, and the derivative formulas
(6.8) and (6.9),

Ly +y —2) = L") + L) — 2L(y)
= 52Y — 4/ (0) — sy(0) + sY —y(0) — 2V (6.13)
= (s> +5—-2)Y —5—2.

Since, using Property 10 in Table 6.1, L(sint) = 1/(s?> + 1), then
the transformed problem is

1
2 _
(s +8*2)Y*S*2—*82+1.
Solving for Y gives us
1 1
Y = — (6.14)

s—1 (s2+1)(s2+s5—2)°

Taking the inverse transform, and using linearity,

yZE_l(s—%) _£_1<(52+1)(312+8—2))'

Using Table 6.1, Property 8,

Eil(si1> =




6.4. Solving Differential Equations 165

For the other inverse transform, we will use partial fractions. The
assumption is that

1 _As+B Cs+D
(s2+1)(s2+s5—2) s24+1  s2+s5—2
(A+C)s*+ (A+ B+ D)s®>+(-2A+B+C)s—2B+ D

(s2+1)(s2+s—2)

Equating like powers of s in the numerators, we get that A4+C = 0,
A+B+D =0, 244+ B+C =0, and —2B+ D = 1. Solving
these equations one finds that A = —1/10, B = —3/10, C' = 1/10,
and D = —2/5. So, using Table 6.1, Properties 10 (for A), 9 (for
B), and 11 (for C and D),

£_1((52—|—1)(512+s—2)): _ldiif) £_1<s2ci—D2>

1
= Acost + Bsint + 3 [(C + D)e! + (20 — D)e‘ﬂ. (6.15)

Therefore, the solution is

1 3 1 5
Y= Ecost%— EsimtjL Be_% + éet. |

Three comments need to be made about the above examples. First,
both can be solved much easier using the method of undetermined coef-
ficients. The Laplace transform was used to illustrate how it can be used
to solve such problems. Second, the question invariability comes up as to
what is the easiest way to determine the inverse transform. For example,
you can use the convolution theorem or partial fractions to obtain (6.15).
There is often no clear answer to which one to use, and it often depends
on what you are the most comfortable with and what is applicable. As it
turns out, except perhaps when taking a course in differential equations,
very few people work out even slightly complicated inverse transforms by
hand. Instead, they either buy a book of tables, such as Oberhettinger
and Badii [1973], or, even more likely, they use a symbolic computing
system like Maple or Mathematica.

The third comment has to do with whether the solution of the IVP
satisfies the conditions required to take the Laplace transform (the con-
ditions are discussed in Section 6.6). If there is any concern about this, it
is always possible to simply check that the derived solution satisfies the
1IVP.

6.4.1 = The Transfer Function

In engineering, when solving a linear differential equation, it is common to
introduce what is known as the transfer function W (s). To explain what
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this is, for the mixing, vertical motion, and cooling problems in Section
2.3, the resulting differential equation can be written as

v +ay = f(t), (6.16)

where f(t) is an external input function. Similarly, the oscillator problems
in Section 3.10 produce equations of the form

my" + ey’ + ky = f(1), (6.17)

where f(t) is an external forcing function. If you take the Laplace trans-
form of (6.16) or (6.17), and assume homogeneous initial conditions, you
end up with an expression of the form

Y(s) = W(s)F(s), (6.18)

where F(s) = L(f). In this sense, W (s) is the transfer function from the
input F'(s) to the output Y(s).

Example 3: Find the transfer function for y' + 3y = f(¢).

Answer: Because the transfer function requires a homogeneous ini-
tial condition, we take y(0) = 0. With this, after taking the Laplace
transform of the differential equation, we get (s + 3)Y = F. This
means that ¥ = Sj%:,)F , and so the transfer function is W(s) =
1/(s+3). N

Example 4: Find the transfer function for y” + ¢’ — 2y = In(1 + t?).

Answer: The required homogeneous initial conditions are y(0) = 0
and y'(0) = 0. With this, after taking the Laplace transform of the
differential equation, we get (s> +s—2)Y = F, where F = L(In(1+
t2)). Consequently, the transfer function is W (s) = 1/(s% + s — 2).
]

Once you know the transfer function, then a particular solution of the
differential equation can be written down using the convolution theorem.
Namely, using (6.11) a particular solution of (6.16), or of (6.17), is

yp(t) = /0 w(t —7)f(r)dr, (6.19)

where w(t) = £L75(W). It is important to note that y,(t) satisfies the
initial conditions used to determine W (s). So, for Example 3, y,(0) = 0,
while for Example 4, 3,(0) = 0 and y,(0) = 0.
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Solving an IVP

The above solution is useful as it can be used to solve the IVP when
the initial conditions are not zero. This is because the solution can be
written as y(t) = yp(t) + yn(t), where y,(t) is given in (6.19) and yp(t)
is the solution of the associated homogeneous differential equation that
satisfies the initial conditions. This is similar to the approach used in
Section 3.9.1. Moreover, it is not necessary to use the Laplace transform
to find y,(t). An example of solving an IVP in this way is given next.

Example 5: Solve y" — 2y’ — 3y = \/t, where y(0) = 1 and 3/(0) = —1.

Step 1: Find W (s). To find the transfer function for " —2y'—3y =
f(t), the homogeneous initial conditions to use are y(0) = 0 and
y'(0) = 0. Taking the Laplace transform of the differential equation
one finds that W (s) = 1/(s* — 2s — 3).

Step 2: Find y,. Using Property 12 from Table 6.1, w(t) =
LY W) = (e3 — e7t) /4. So, from (6.19),

1

t
yp(t) = 4/0 [63(t_7) — e_H‘T] Vrdr.

The integral can not be written in terms of elementary functions,
and so the answer is left in integral form. Also, based on the com-
ment following (6.19), in this problem y,(0) = 0 and y,,(0) = 0. The
significance of this is that we are going to write the solution of the
IVP as y(t) = (1) + ya(t). S0, 4(0) = y(0) + yn(0) = y(0) and
y'(0) = y,(0) + 43,(0) = y;,(0). This means to satisfy y(0) = 1 we
require y,(0) = 1, and similarly we require y; (0) = —1.

Step 3: Find y,. The IVP to solve is 3y’ — 2y’ — 3y = 0, where
y(0) = 1 and ¢/(0) = —1. Assuming that y = €™, and proceeding
as in Section 3.5, one ends up finding that y,(t) = ™.

Step 4: The solution is y = y, + yp. In other words,

t
y(t) ety l / [e*”’(t*” —e*t“] Jrdr. &
4 0

6.4.2 « Comments and Limitations on Using the Laplace Transform

It is useful to know some of the limitations on using the Laplace transform
to solve a differential equation. First, the differential equation must be
linear. As the examples illustrate, the Laplace transform can be used
irrespective of the order of the equation. It can also be used to solve partial
differential equations, delay equations, and integral equations. However,
in all cases, the equations are linear.
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A second limitation is that the differential equation should have con-
stant coefficients. For example, the Laplace transform will not be suc-
cessful when trying to solve 3’ + ely = 0 or y” + (1 + )%y + 5y = 0.
Occasionally you will come across an equation with non-constant coeffi-
cients that can be solved using a Laplace transform, and an example is
Airy’s equation 3" +ty = 0. You might try finding the Laplace transform
of this equation to see why the coefficients are “just right” so that the
method works.

Exercises
1. Use the Laplace transform to find the solution of the IVP.

)2y+y=L y(0) =2
b) 3y = —y+et, y(0) =3
)y +y 2y =0, y(0)=0,4'(0)=-1
d) v’ —6y +9y =0, y(0)=0,7(0)=2
) By —y' =0, y(0)=-1,4(0)=-1
f) 4y” +y=0, y(0)=-1,4(0)=-1
gy =2y +2y=0, y(0)=-1y(0)=-
h) "+ 2y +5y =0, y(0)=0,y'(0)=-6
2. Use the Laplace transform to find the solution of the IVP.
a) y" +y' —2y =12, y(0) = 0, '(0) = 0
b) y” + 4y = 82, y(0) = 0, y/(0) =0
¢) y' —vy =2sint, y(0) =0, y'(0) =0
d) y”+3y =3t+1,y(0)=0,%(0)=0
e) ¥ —2y +5y=>5—4e”", y(0) =0,y(0) =0
3. For the following, find the transfer function W (s) and then write down
the resulting particular solution. You do not need to evaluate the
integral.
a) ¥ + 3y = In(1 + 3t)
b) ¥’ + 9y =vVI+1
c) 2y +3y —2y=1/(1+1)
d) y" + 2y + 5y = sin(1 + t2)
4. Proceeding as in Example 5, find the solution of the following IVPs.
a) ¥ + 3y = In(1 + 3t), where y(0) =1
b) ¥y + 9y = v/1 +t, where y(0) = 1 and y'(0) = 0
c) 2y +3y —2y=1/(1+1t), where y(0) =2 and /(0) = —3
d) y" + 2y + 5y = sin(1 + ¢2), where y(0) = 0 and 3/(0) = 2

)
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6.5 = Jump Discontinuities

It is not unusual to have functions with jump discontinuities. What a
jump discontinuity means is that y(¢) is not continuous at the point,
but the limits of y(t) from the left and right are defined and finite (the
two limits do not need to be equal). A simple example, with a jump
discontinuity at ¢t = 2, is

. 3 if 0<t<2, (620
TOZY 21 i o< '

It is informative to determine the Laplace transform of this function using
the definition. The steps involved are:

Y(s) = /0 T yt)etdt

2 oo
—/ y(t)e_Stdt+/ y(t)e *tdt
0 2

2 00
:/ 36_5tdt—/ e Stdt
0 2

=t 3 (6.21)
S S

The last step requires the assumption that Re(s) > 0.

One might expect that the inverse transform of (6.21) is (6.20). This
is true everywhere but at the point of discontinuity. At a point t = a
where the original function y(¢) has a jump discontinuity, £L~(Y") equals
the average in the jump in y(¢) at that point. The formula is, for a > 0,

_ 1 _
£W)| =5t +y(a)]. (6.22)
To illustrate, for (6.20), at ¢ = 2 the average in the jump is equal to
[ (27) +y(2 ] = % — 1) = 1. Therefore, the inverse transform is
3 if 0<t<2,
L7y = 1 if t=2, (6.23)

—1 if 2<t.
This can be written in a more compact form as
L7YY)=3—-4H(t - 2), (6.24)
where H(z) is the Heaviside step function and is defined as

0 if <0,
H(z)=< 1 if 2 =0, (6.25)
1 if 0<a.
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1+ o
Xosl |
I 0.5 °
0 ? J
-1 0 1

Figure 6.1. Heaviside step function H(x) as defined in (6.25).

The function H(x) is shown in Figure 6.1. Note that this has built into
its definition the value at a jump that is needed for the inverse Laplace
transform.

As the above example illustrates, if you only know the Laplace trans-
form of y(t), it is not possible to determine its value at the jump. For
example, in (6.20) if you change y(t) so y(2) = 0, or y(2) = 10, the Laplace
transform is still given in (6.21). The function in (6.23) is the answer that
comes from the formula for the inverse Laplace transform given in (6.30).
This situation will arise in this chapter any time the function y(¢) has a
jump discontinuity.

Example: If Y _2 —+ 56*33—26*45, find and then sketch y.

s s
Answer: Using the linearity property,

. /25 a6,
L) =L (e o)

—or ! (é) 4507 (ée_?’s) — 6L <1e—48).

S
From Property 8 in Table 6.1, with a = 0,

()

From Property 7, with a = 3 and a = 4,

1 1
—1(+ -3s - —1( > _—4s _
L (Se >—H(t 3), and L (se )—H(t 4).
Therefore,
y(t)=2+5H(t—3) —6H(t —4). (6.26)

So, the solution starts out at y = 2, it has a jump of 5 at t = 3, so
y = 7, and then it has another jump of —6 at t =4, so y = 1. At
the jumps, y(3) = 5(2+7) = 3, and y(4) = (7 + 1) = 4. The plot
of this function is given in Figure 6.2. W
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t
Figure 6.2. The function y(t) given in (6.26).
Exercises

1.

Sketch the function for 0 < ¢, and then find its Laplace transform.
a) y=H(t—6) d)y=3-2H(t—-1)
b)y=H(t—-1)—H(t—3) e)y=t—(t—-1)H({t—-1)

c) y=3H(t—2)—4H(t—-5) f) y=sin(t —3)H(t — 3)

g y=1—-2H(t—1)+2H(t—2)— H(t—3)
h)yy=t—-2(t—1)H({t—-1)+2(t—3)H(t—3)— (t—4)H(t — 4)

. Find the inverse Laplace transform of the following functions.

_i —3s _2 J— l i R l
a) Y ~(s+1)219¢ DY={—2+3 st
1 1) os+1 _
b)Y:S—g—s—g,)e 2s e)Y:‘i—Qe 58
c) = %(e‘s —e 2 4 6_35) f) Y :igii e~ 6s

Suppose that y(t) is periodic with period T' > 0. So, y(t + T') = y(t)
for all t > 0.

a) Show that

/Oo y(t)e tdt = e*TY (s).

T

b) Writing [;° y(t)e™'dt = fOTy(t)e*Stdt + [ y(t)e s'dt, use the re-
sult from part (a) to show that

1 4 —st
L(y) = 1_6_5T/0 y(t)e "dt.

The following functions are periodic with period T'. Sketch the function
for 0 < ¢t < 3T, and then use the result of Exercise 3(b) to find the
Laplace transform. Also, provide an explanation for where the name
of the wave comes from.

a) Square wave: T'= 2, and y(t) = H(t) — H(t — 1), for 0 <t < 2.
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b) Sawtooth wave: T'= 1, and y(t) =t¢, for 0 <t < 1.
c) Triangle wave: T = 2, and y(t) = tH(t) — 2(t — 1)H(t — 1), for
0<t<2.

d) Bang-bang wave: T'=2, and y(t) = H(t)—2H(t—1), for 0 < ¢ < 2.
5. The floor function y(¢) = [t] is the greatest integer less than or equal

to t. So, [5.3] =5 and |7.0] = 7.

a) Writing [t| =t — g(¢), what are: g(0), ¢(0.1), ¢(0.8), and g(1)?

b) Sketch g(t) for 0 <t < 5. Use this to explain why g(t) is periodic.

c¢) Use the result from Exercise 3(b) to find L£([t]).

6. It is sometimes useful to use a power series to determine an inverse
transform. For example, the geometric series is (1—2)"! = 1+2z+22+
234--.. Taking z = e, youget (1—e %)L = I+e e 24 354 ...
In this problem you are to use a Maclaurin series to find the inverse
Laplace transform.

a) Y :m, use the geometric series for (1 — z)~!. Also, sketch
y(t) for 0 <t < 4.

b)Y :m , use the geometric series for (1 — z)~!. Also, sketch
y(t) for 0 <t < 8.

c)Y :ﬁ, use the series for (1 + 2)~1/2. Also, sketch y(t) for
0<t<4.

d) :%\/1 + (1/s), use the series for /1 + z.

6.6 = Mathematical Foundations

Much of the material in this section concerns the mathematical require-
ments needed to carry out the integration in (6.1).

For the improper integral in (6.1) to exist, a condition must be im-
posed on the complex variable s. To explain, if y(t) = €3, then using the
definition of an improper integral and (6.1)

T T
Y(s) = lim eSte*dt = lim By
1 1
— ] B=s)T _ . 6.27
Toeo [3 —s° 3—s ( )

Clearly, we need s # 3. As for the limit, it is useful to know that, given
a nonzero complex number z,

o 0 if Re(z) <0,
lim e* = . .
T—00 does not exist if Re(z) > 0.

(6.28)
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The proof of this comes directly from Euler’s formula, as expressed in
(3.14). For (6.27), z = 3 — s and this means that for the limit to exist we
need Re(3 — s) < 0, or equivalently, we need Re(s) > 3. In this case,

1
s—3°

Y(s) =

The requirement that Re(s) > 3 gives rise to what is known as the half-
plane of convergence for the Laplace transform.

Example: If y(t) = sin 2¢, find Y (s).

st

Answer: Using (6.1), and integration by parts (with u = e™*" and

dv = sin 2t dt),
Y(s) = / sin(2t)e”dt
0

1 e
=3 cos(2t)e % —

s oo
- = / cos(2t)e™ 5 dt
2 Jo

1 o0
=_— S/ cos(2t)e *tdt.
2 Jo

2
To guarantee that cos(2t)e™*! has a finite limit as + — oo, it has
been assumed that Re(s) > 0. Using integration by parts again,
you find that
1 s
Y(s) == — 2 Y(s).
()= 5~ V()
Solving for Y, we get that Y = 2/(s2+4). Using the £(y) notation,

we have that 5

244
The half plane of convergence in this case is Re(s) > 0. 1

L(sin2t) =

The second mathematical requirement concerns the smoothness of
y(t). For the problems considered in this textbook, it is enough to as-
sume that y(t) is continuous for 0 < ¢ < oo, except possibly for a few
jump discontinuities. To state that y(¢) has a jump discontinuity at t = a
means that y(t) is not continuous at the point, but the limits of y(¢) from
the left, y(a™), and from the right, y(a™’), are defined and finite. This
is the requirement when a > 0. To have a jump discontinuity at ¢t = 0
means y(07) is defined and finite, but it is not equal to y(0). What we
will assume is that over any interval 0 < ¢ < T, y(t) is continuous except
for possibly a finite number of jump discontinuities. In this case, y(t) is
said to be piecewise continuous for ¢ > 0. Several examples of piecewise
continuous functions can be found in Section 6.5.
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The final requirement on y(t) is to guarantee that the improper inte-
gral in (6.1) converges. This will happen if there is a real number « so
that

s at __
tlggo y(t)e* = 0. (6.29)
If this holds, then y(t) is said to have exponential order. As examples, any
polynomial function in ¢, any linear combination of sin(wt) and cos(wt),
and any linear combination of terms of the form e“! have exponential
order. On the other hand, et” and e’ do not have exponential order.

It is not hard to prove the following theorem for the convergence of
the improper integral using what is called the limit comparison test in
calculus.

Laplace Transform Convergence Theorem. Assume thaty(t) is piece-
wise continuous for 0 <t < oo, and (6.29) holds. With this, the Laplace
transform L(y) exists for Re(s) > a and it converges absolutely.

It should be pointed out that there are functions that are not piecewise
continuous but have a Laplace transform, and an example is given in
Exercise 3.

Given that the mathematical underpinnings of the Laplace transform
are being discussed, it is worth stating the formula for the inverse trans-
form. It is in the form of a line integral in the complex plane, and it
is

. B 1 c+ioc0 o
L) = o / (et (6.30)
where the endpoints of the integral are associated with the contour shown
in Figure 6.3. To find an inverse transform that is not determinable from a
table, one generally is faced with evaluating this integral. Needless to say,
these can be interesting, and often challenging, mathematical problems.
The integral in (6.30) is where the jump formula (6.22) comes from.

It also leads to the statement that Eil(Y)‘tzo = 2y(0T). This is not

y ot

Im(s) 4

cme@emmmmamnnaan
4

Re(s)

!

Figure 6.3. The straight line contour, shown in red, used in the line integral
(6.30). The half plane of convergence for Y (s) is assumed to be Re(s) > .
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the value used when solving differential equations. The reason is that the
solution must be continuous at t = 0, and so we want the inverse transform
that satisfies L_I(Y)|t:O = y(0™). Using this value is permitted because
the value of a function at a single point does not affect the value of its
integral.

Many of the formulas for the inverse transform have been stated with-
out proof. If you are interested in learning about the more theoretical
aspects of the subject, you might want to consult Davies [2002] or Schiff
[1999].

Exercises

1. By carrying out the integration in (6.1), find the Laplace transform
and its half plane of convergence of the following functions:
a) y = —et c) y = 3cos(4t)
b) y = 4t? d) y =te

2. Sketch the function for 0 < ¢, then find its Laplace transform and its
half plane of convergence.

a) y=(t—1)H(t—1) d) y=[H(t—2))
b) y = 2t if 0<t<1 ) y= sint if 0<t<A4r
Y=V 2 if 1<t Y=Y 0 if dr <t

c)y=t(Ht-1)—H({t-3) ) y=4H(3—1)

3. a)Let y(t) = t~'/2 for t > 0. Explain why, no matter what (finite)
value you assign to y(0), the resulting function is not piecewise
continuous for 0 <t < co. Does it have exponential order?

b) It is possible to show that fooo e*xzdx = 1/m. Use this to show
that £(t~1/2) = \/n/s, for Re(s

¢) Show that L£(t'/2?) = \/7/(2 53/2 , for Re(s

4. a)Prove Property 6 in Table 6.1. Specifically, show that £(e~%y) =
Y(s+a).

b) Show that if @ > 0, then L(y(at)) =Y (s/a)/a.

5. Assume that y(¢) has exponential order and it is continuous except
for a jump discontinuity at ¢ = a, where a > 0. Also, assume y/(t) is
piecewise continuous. Show that

L(y") = sY(s) —y(0) — e *[y(a™) —y(a™)].
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6.7 = Solving Equations with Non-Smooth Forcing

The next example considers how to solve a differential equation with a
discontinuous forcing function. This is a situation that is not uncommon
in applications.

Example: Solve y" + 3y’ + 2y = f(t), where y(0) =1, ¢/(0) = —1, and

Ft) = 2 if 0<t<3,
1o if 3<t

Answer: Taking the Laplace transform of the differential equation,
L(y" + 3y +2y) = L(f). (6.31)
Using the linearity of the transform, and the derivative formulas
(6.8) and (6.9),
L'+ 3y +2y) = L(y") +3L(Y) +2L(y)
= s?Y — ¢/(0) — sy(0) + 3(sY — y(0)) +2Y
=(s*+3s+2)Y —s5—2.

Also, L(f) = f03 2etdt = 2(1—e3%) /s. Consequently, from (6.31),
we have that

2
(S+1)(5+2)Y:S—|—2—|—*(1—€_38),
s

which means that

1 2

Y:S+1+S(s+2)(s+1)(1—e_3s). (6.32)

To determine the inverse transform, using Property 8 from Table
6.1, L751/(s +1)) = e~t. Also, from Property 12,

1
O
(s+2)(s+1)
Consequently, using Properties 4 and 15 (respectively),

r-1 (3(34_5(3_’_1> (1 _ 6—33))

- (raern) £ Geraeoe™)

t t—3
_ -r _ 6—27‘ r _ e " — e—2r r
_2/0(e Jdr + 2H (¢ 3)/0 ( dr)

= 2t fe 14+ H(t—3)(1 — 237 4 7270,

_ G_Qt.
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The resulting solution is therefore

y=1+e 2 —et— (1 + e 2(t3) _ 26_(t_3))H(t -3). N

A comment needs to be made about the mathematical correctness
of the solution we just derived. Namely, y(t) and y'(¢) are defined and
continuous for 0 < ¢ < oo, but y”(¢) is not continuous at ¢t = 3 (it is,
however, continuous everywhere else). This throws into question whether
the differential equation y” + 3y’ + 2y = f(¢) is defined at t = 3. The
way this needs to be interpreted is that the differential equation holds for
0 <t < 3, and then again for 3 < ¢ < co. The discontinuity in the forcing
function effectively resets the problem at ¢t = 3. One approach to dealing
with this is to break the problem into two IVPs, one for 0 < ¢ < 3, and
another for 3 < t < oco. By using the Laplace transform we have been
able to avoid having to do this. This is possible because the continuity
requirements to use (6.9) are satisfied for this problem.

6.7.1 = Impulse Forcing

The idea underlying impulse forcing is that the force is fairly intense but it
occurs over a short time interval. Writing the interval as tp—e < t < tg+-¢,
we are considering the situation of when the forcing has the form

0 if 0<t<tyg—e,
ft)y=1< d(t) if tg—e<t<tg+e, (6.33)
0 if tg+e<t.

With this, the solution of ¥’ = f, where y(0) =0, is

0 if 0<t<tyg—e,
y=1 [o_.d(r)ydr if to—e<t<to+e, (6.34)
D it to+e<t,
where
to+¢e
D= d(r)dr.
to—e

We are assuming that the forcing interval is very short, but D is large
enough to be meaningful. To put this in physical terms, it is as if we are
hitting the system with a hammer.

There is a mathematical idealization for a concentrated force that
makes solving the problem easier than trying to use a formulation as in
(6.33). This is done by introducing what is known as the delta function,
which is given next.
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Delta Function. The delta function §(t) is defined to have the following
properties:

1. Given any tg,
d(t—to) =0, when t#t. (6.35)

2. Given any continuous function g(t), and assuming a < ty < b:

b
/6@—mm@w=g@» (6.36)

and

to b
St — g0yt = [ 6t~ to)a(t)dt = J(to). (637

a to

As an example of how the delta function is used, instead of using
(6.33), the forcing is assumed to have the form f(t) = DJ(t — tp). This
means we are assuming that there is a delta forcing at to with strength D.
With this, the differential equation becomes

y' = Di(t —to), (6.38)

where y(0) = 0. It is worth pointing out here that, from (6.36), §(¢) has
the physical dimension of 1/time. So, D has the same physical dimensions
as y. In any case, the solution of this IVP is

t
Yy = / Dé(r — to)dr.
0

To evaluate this, first note that if 0 < ¢ < ¢, then from (6.35), y(t) = 0.
If t = tg, then from (6.37), y(t9) = D/2. Lastly, when ¢y < ¢, then from
(6.36), y(t) = D. Consequently, the solution is

0 if 0<t<tg,
y=14 3D if t=tg, (6.39)
D if ty <t.

Except for the very small time interval tg —e < t < £y + ¢, this solution is
the same as the one in (6.34). Moreover, the above solution is consistent
with what is obtained using (6.30).

The rationale for the stated properties of the delta function can be
explained by considering the case of when d is constant. The assumption is
that the total force D, what is known as the impulse, remains fixed as the
time interval decreases (see Figure 6.4). This requires that d = D/(2¢).
In other words, the magnitude of the force increases as the time interval
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f) 5
D | 22
2e -
to t

Figure 6.4. A fized impulse, applied over the time interval to —e < t < to+e¢,
used to explain the stated properties of the delta function.

decreases. Consequently, in the limit, the forcing is zero if t # ¢y and it is
infinite at ¢ = ¢y. This explains (6.35), and it also explains why you will
see the statement that 6(0) = co. This limit can also be used to explain
(6.36). Finally, it is being assumed that the impulse forcing is symmetric
about tp, as it is in the case of when d is constant, and this gives us (6.37).

Example 1: If f(t) =50(t — 1) — 90(t — 2) + 6(t — 3), find L(f).
Answer: Using linearity and Property 13 in Table 6.1,
L(f) = 5£(5(t — 1)) — 9£(5(t — 2)) + E(d(t — 3))
=5 -0+ N

Example 2: Solve y” +y = 26(t — 15), where y(0) = 0 and y'(0) = 0.

Answer: Taking the Laplace transform of the differential equation
gives L(y"+y) = L(26(t—15)). Using the linearity of the transform,
and the derivative formula (6.9), we get that

s2Y — sy(0) — ¢/ (0) +Y = 27155,

From the given initial conditions, and solving for Y,

Since

then using Property 5, from Table 6.1,

y =2sin(t —15)H(t —15). N

Example 3: Evaluate [*__§(r)dr, for —0o < t < cc.
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Answer: This can be answered by considering three cases. First, if
t <0, then 6(r) =0 for —oo < r < t, and we conclude the integral
is zero. If ¢t > 0, then from (6.36) with g(¢) = 1, the integral is equal
to one. Finally, when ¢ = 0, from (6.37) we get the value of 1/2.
Therefore, we have that

H(t) = /too o(r)dr.

In this sense we can write that

Example 4: For the mixing problem in Example 1 on page 21, suppose
that after 2 minutes that 51bs of salt are dropped into the tank.
What is the resulting IVP for Q7

Answer: To answer this, consider the simpler situation of when
there is no inflow or outflow, and the tank contains salt water with
Qo lbs of salt. Also, suppose that at t = ¢ty an additional D lbs of
salt are dropped in. It’s assumed that the salt dissolves instantly.
In this case, the total amount of salt in the tank can be written
as Q(t) = Qo + DH(t — tp). From this it follows that Q'(t) =
Dé(t — tp). Consequently, for the mixing problem, the differential
equation (2.32) changes to

dQ 1
= =155 Q+50(t —2).

The initial condition is unchanged. M

Mathematical Tidbits

As you likely noticed, d(¢) is not actually a function. The more accurate
statement is that it is a distribution, or a generalized function. There are
various ways to obtain a mathematically rigorous definition of 6(¢), using
limits or test functions. How limits are used was explained very briefly
earlier. This will not be pursued any further, but the question does arise
as to what is permitted when using the delta function. As demonstrated
in Example 1, linear combinations of delta functions are allowed. It is
also possible to both differentiate and integrate a delta function. What
should be avoided is using a discontinuous ¢(t) in (6.36), and Exercise 7 is
an example why. Also, what is not allowed, generally, involves nonlinear
operations. So, expressions such as §(t — 1)d(t —2), 6(t —1)/0(t — 2), and
sin(d(t—1)) are not allowed. If you are interested in the various properties
of the delta function, you might look at its Wikipedia page.
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The nonstandard nature of the delta function amplifies a complication
with the Laplace transform at ¢ = 0 that needs to be mentioned. It is
not uncommon in certain applications to use the forcing function f(t) =
d(t), which means that it is located at ¢ = 0. This puts it at the lower
point of integration for the Laplace transform. The resulting integral can
be evaluated using (6.37), giving £(5(t)) = 1/2. However, it is almost
universally stated that £(8(t)) = 1. One way to explain this involves
continuity, in the sense that this is what you obtain from Property 13, in
Table 6.1, when letting @ — 0F. On the other hand, one gets £(d(t)) =0
when interpreting (6.1) using the conventional definition of an improper
integral at ¢ = 0. This has lead those determined to obtain £(8(t)) = 1 to
find some rather creative ways to redefine the Laplace transform. What
this involves is not considered here, but if you are interested in learning
more about this issue, you should consult Hoskins [2009].

Exercises

1. Use the Laplace transform to find the solution of the IVP.
a) Yy +4y=3H(t—1), y(0)=1
b) 2y —y=1—H(t—4), y(0)=-1

)y +y=26(t-3), y(0)=-1

)y —4dy=2H(t-2)—06(t—1), y(0)=0

o o

@

)y =y —6y=3H(t-5), y(0)=0,y(0)=
f) v'+4y=3H(t—4)—-3H(t—2), y(0)=0,
g) ¥y —4y' =30(t—1), y(0)=0,y(0)=0

h) y" +y=06(—-3)—-25(t—2), y(0)=0,y'(0)=0

()=0

2. Suppose the mixing problem is as described in Example 1 on page 21
except that 51bs of salt are dropped into the tank at ¢ = 2min. Solve
the resulting IVP for Q(¢), and then sketch the solution.

3. Suppose that a population P(t) of fish in a lake, left to themselves,
will grow exponentially. This means that the population obeys the law
P'(t) = kP(t). Assume that k = 2, and P(0) = 100. Note that time is
measured in years.

a) Suppose that at the end of each year that 500 fish are removed from
the lake. How does this change the differential equation? What is
the resulting IVP for P(t)?

b) What is the solution of the IVP?

c) The lake is capable of supporting 8,000 fish. In what year does it
reach this limit?
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. This exercise considers the vertical motion problems from Section 2.3.

Assume that a ball with a mass of 2kg is dropped, from rest, from

a height of 1000m. The forces acting on the object are gravity, and

a drag force due to air resistance, with ¢ = %kg/s. Assume that

g=10m/s%.

a) Suppose that after falling for 10sec that the object is hit with an
upward force that is equivalent to a delta forcing with strength 70
N. What is the resulting IVP for v?

b) What is the solution of the IVP?

¢) What is the resulting solution for =7

. This exercise reconsiders the cooking the turkey problem in Exercise

15 on page 32. In that problem it was found that k = 3;1In(4/3),
but is recommended that you leave k unevaluated until part (c). Also,
time is measured in minutes.

a) Suppose that the temperature of the oven is accidentally turned
down to 150°F two hours after the turkey had been put into the over,
but turned back up to 350°F one hour later. What IVP does the
temperature satisfy? Assume that the oven temperature changes
immediately when the temperature control is adjusted.

b) What is the solution of the IVP?
¢) How long does it take to cook the turkey?

. Show that the following identities hold for the delta function. Do

this by showing that when the left and right sides of the equation are
inserted into (6.35)-(6.37), that they produce the same result.

a) 6(a(t —tg)) = 16(t —t9), for a>0
b) S(tg —t) = 6(t — to)
c¢) If g(t) is continuous, then g(t)d(t — tg) = g(to)d(t — to) -

. In quantum physics there are occasions when the coefficients of the

differential equation contain delta functions. The point of this exercise

is to demonstrate that care is needed in such situations.

a) Consider the problem of solving y/(t) = (¢t — to)y(t), for t > 0,
where tg > 0 and y(0) = 1. Using separation of variables, find the
solution. Make sure to determine its value for 0 < ¢ < tg, for t = t,
and for tg < t. This is the correct solution of this problem.

b) By simply integrating the differential equation in part (a), and then
using the initial condition, one gets that

y(t) =1+ /Ot y(r)o(r — to)dr.



6.8.

Solving Linear Systems 183

Not thinking too hard about the situation, and using (6.35)-(6.37),
explain how you might conclude that

1 if 0<t<to,
Yy = 2 if t:to,
3 if tg<t.

This differs from the solution for part (a). Where is the error made
in the derivation of the above solution?

6.8 = Solving Linear Systems

The Laplace transform can be used to solve a linear system of differential
equations, and this is often the approach taken for what are known as
state space models in engineering. It is relatively easy to do this, and to
explain why, suppose we want to solve

¥ =ax + by + f(1), (6.40)
Y =cx+dy+g(t), (6.41)

where z(0) = z¢ and y(0) = yo. Taking the Laplace transform of each
equation, and using (6.8), we get

sX —xzg=aX +bY + F, (6.42)
sY —yo=cX +dY + G, (6.43)

where X, Y, F', and G are the Laplace transforms of x, y, f, and g, re-
spectively. What we have shown is that if the original differential equation
is written as x’ = Ax + f, then the transformed equation is

sX —xg= AX +F, (6.44)

where X = L(x), F = L(f), and x¢o = x(0). This is the form obtained in
the general case of when there are n equations, and A is an n X n constant
matrix.

The next step is to solve for X and Y, and then attempt to find the
inverse transforms. How hard it is to find the inverse transforms depends
on f and g.

Example 1: Using the Laplace transform, solve

/
r=x—Y,

y' =4z — 2y,

where z(0) = 1 and y(0) = —1.
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Answer: From (6.42) and (6.43) the transformed equations are

sX—-1=X-Y,
sY +1=4X - 2Y.
From the first equation, ¥ = 1 + (1 — s)X, and after substituting
this into the second equation, and simplifying, one finds that
. s+3
24 s5+2°

Since 52 + s+ 2 = (s — 51)(s — s2), where 51 = (—1 4 v/7)/2 and
s9 = (=1 —i/7)/2, then from Property 12 of Table 6.1,

= LX) =e 2 (cos(wt) + % sin(wt)),

where w = v/7/2. To find y we can either find the inverse transform
for Y, or we can use the first differential equation. The latter option
is easiest, and so

/
y=x—x

11
= _t/2 — — 9
e ( cos(wt) + 5 sm(wt)). [ |

Example 2: Using the Laplace transform, solve

' =3z — 6y + f(t),
Y = — 4y +g(t),

where z(0) = 0 and y(0) = 0. Also, f(¢) and ¢(t) are continuous
functions.

Answer: From (6.42) and (6.43) the transformed equations are

sX =3X —6Y + I,
sY =X —4Y +G.

From the second equation, X = (s+4)Y — @G, and after substituting
this into the first equation, and simplifying, one finds that

s—3 1
R —F(s).
s24+5—6 (S)+s2+s—6 (5)

The convolution theorem is going to be used in finding the inverse
transform, and in preparation for this note that, using Property 12
of Table 6.1,

Harime) = (Goapre) =5 ()
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and 5 )
E_l( S — ):7<6 -3t _ Qt)‘
2+s—6) H\° ¢

So, using the convolution theorem, which is Property 2 of Table 6.1,

£ () = (s

and

(i getn) - [ 4 -

Therefore, the solution is

1/t =) —3(t—r
) = 5 [ (200 =) pryar
1 t
+5/ (66_3(t_T) ez(t_T))g(r)dr
0

To find = you can either find the inverse transform for X, or you
can use the second differential equation (similar to what was done
in the previous example). W

6.8.1 = Chapter 4 versus Chapter 6

In Chapter 4 we solved problems as in Example 1 using an eigenvalue ap-
proach. In contrast, using the Laplace transform avoids this and it solves
the problem directly. Moreover, in Example 2, using the Laplace trans-
form the inhomogeneous problem was solved with little fanfare. This was
not done in Chapter 4 as it would have involved introducing either unde-
termined coefficients or variation of parameters. The apparent conclusion
is that linear systems are more easily solved using the Laplace transform
than the eigenvalue approach. This is true for systems with two equations
and the reason is that it is relatively easy to solve for X and Y. However,
for larger systems the advantage switches to the eigenvalue approach. The
reason is that larger systems are almost always solved numerically (i.e.,
using a computer). The eigenvalue approach provides a representation of
the solution (4.24), and it is relatively easy to compute the terms in that
expression. In contrast, from (6.44),

X = <51 - A>_1(F +xq).

This requires finding the inverse matrix and then trying to determine the
inverse transform of the resulting formula for X. There are ways this can
be done, such as using a geometric series expansion for (sI — A)~!, but
how this is carried out is beyond the purview of this textbook. Those
interested might want to look at Friedland [2005] and Cohen [2007].
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Exercises

1. Use the Laplace transform to find the solution of the IVP, with x(0) =

, (-1 6 , (31 , (20
a)x-(1 0>x c)x-(1 3>x e)x-(_l 2>X
, (21 , (11
)x d) x' = (6 3)){, f) x' = (_4 1>x

2. Use the Laplace transform to find the solution of the IVP, where the
initial condition is x(0) = 0.

, (01 1 (2 0 At
WX =1, X g X =1 5)x*\y
(21 10t nw (21 2t
e VY L )= o)t

3. As defined in Section 6.4.1, the transfer function W(s) is obtained
from (6.44) by setting x¢o = 0 and solving for X. The result is W(s) =
(sI — A)~!. Find the transfer function for the following systems.

, (1 6 , (20
a)x-(1 0>x c)x-(_1 2>x
b) x' = (? é)x d) x' = (1 _14>X

4. Two tanks containing salt water are connected as shown in Figure 6.5.
In the lower connecting pipe water is pumped from tank 1 into tank
2 at a rate of N liters/min, and in the upper pipe water in pumped
from tank 2 into tank 1 at the same rate. Assume that y;(¢) and ya(t)
are the amounts of salt in the respective tank at time ¢, and the total
volume of water in each tank is V liters. You should assume that the
pipes are so short that whatever water, or salt, in them can be ignored.

=

x\

Il
~—
= O
O =

a) Show that the resulting differential equations are

! __E _|_E
Y1 = Vyl Vyz
N N

/—7 [ —
3/2—V3/1 VZ/2



Exercises 187

L_|
1 L] 2

Figure 6.5. Two tanks containing salt water as considered in Exercises 4 and
5. The pipes connecting the tanks are used to pump salt water between the tanks.

b) Take the Laplace transform of the equations in part (a), and then
solve for Yi(s). In doing this take N = 2liters/min and V =
100 liters. Also, assume y;(0) = 10 gm and y2(0) = 0.

c) Find y;(t) and y2(t).

d) What are the limiting values of y; and y2 as t — co? Explain why
this answer is obvious given how the tanks are configured.

5. Consider the two tanks described in Exercise 4. What is different now
is that salt water containing 2 gm of salt per liter is poured into tank
1 at 3 liter/min. Also, the salt water in tank 1 flows out through a
drain at the bottom at the rate of 3 liter/min.

a) Explain why the volume in each tank does not change. The differ-
ential equation for y is the same as in Exercise 4(a). How does the
differential equation for y; change?

b) Take the Laplace transform of the equations in part (a), and then
solve for Yi(s). In doing this take N = 2liters/min and V =
100 liters. Also, assume y1(0) = 10 gm and y2(0) = 0.

c) Find y1(t) and ya(t).

d) What are the limiting values of y; and y2 as t — co? Explain why
this answer is obvious given how the tanks are configured.

6. Two masses m; and mgo are connected by springs as shown in Figure
6.6. Let uq(t) and ua(t) be the vertical displacements of the upper and
lower mass, respectively. Using Hooke’s law, the spring forces on m;q
are —kjuy and ko(ug —uq ), while the spring force on mg is —ka(uz —uy).

a) Show that the resulting differential equations are

mlulll = —kjui + kQ(UQ — U1>

m2u/2/ = —]CQ(UQ — ul)

b) Take the Laplace transform of the equations in part (a), and then
solve for Uj(s). In doing this take m; = 2, mgy = 1, k; = 4,
and ko = 2. Also, assume the initial conditions are: u1(0) = 0,
u)(0) =1, u2(0) = 0, and u4(0) = 0.

¢) Find w;(t) and uga(t).
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Figure 6.6. Coupled mass-spring system considered in Exercise 6.

7. Consider the mass-spring dashpot system shown in Figure 6.7. Letting
u(t) be the vertical displacement of the mass, using F' = ma one finds
that the differential equations to solve are (Holmes [2019])

!/ 1 / 1
u = %f + Ef
mu” = —f.

The task is to find the displacement u(t) and the force f(t). Assume

that the initial conditions are u(0) = ug, v/(0) = 0, and f(0) = kuyo.

a) Setting v = u/, write the two differential equations in terms of v
and f. What are the initial conditions?

b) Take the Laplace transform of the differential equations in part (a)
and then solve for V(s). In doing this take & = 1, m = 1, and
ug = 1.

c) Taking ¢ = 1, find v(¢).

d) Determine u(t). Also, explain how to determine f(t) (you do not
need to actually find this function).

e) In Section 3.10.3, the oscillatory solutions occur for smaller values
of ¢ (what was referred to as under-damped and weakly damped).
Using your results from part (b), what values of ¢ give rise to an
oscillatory solution?

Figure 6.7. Coupled mass-spring-dashpot system considered in Ezxercise 7.
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Partial Differential
Equations

A partial differential equation is simply a differential equation with
more than one independent variable. It is typical that the independent
variables are time (¢) and space (x). If u(x,t) is the dependent variable,
then examples of partial differential equations (PDEs) are

Advection Equation: u; + augy = 0
Diffusion Equation: up = Dugy
Wave Equation: Ut = gy

Each of these PDEs is linear and homogeneous. Also, the advection equa-
tion is first order, while the other two are second order.

Subscripts are used in the above PDEs to indicate partial differentia-
tion. There are two other ways this can be done that are very common.
First, there is the form used in calculus, and examples are

ot’ ox’ ot2’ oOtdx’  Ox?’

A more contemporary notation is to abbreviate the above expressions,
and write

o, Opu, afu, 00u, O*u.

T

All three forms will be used in this chapter.

In this chapter, at the start, the method of separation of variables is
used to solve PDEs. Later, in Section 7.7, it will be shown how separation
of variables leads to another approach, called the Galerkin method. It is
also possible to use the Laplace transform to solve many of the problems
considered in this chapter, although that will not be pursued here.

Introduction to Differential Equations, M. H. Holmes, 2023
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7.1 = Balance Laws

The PDEs listed above are the mathematical consequence of a balance
law, much like the ODEs obtained for simple harmonic motion in Section
3.10, and the various modeling examples in Section 2.3. For example,
the wave equation describes the vertical displacement u(z,t) of an elastic
string. The PDE in this case is a force balance equation coming from
Newton’s second law F' = ma, where the acceleration is a = uy and F' is
the vertical component of the restoring force in the string due to its being
stretched.

In contrast, the diffusion equation can be used to determine the den-
sity, or concentration, of objects moving along the z-axis due to Brownian
motion. The balance law in this case is the requirement that the total
number of objects is constant, which means that if one region experiences
an increase, then this is balanced by a decrease in other regions. In older
textbooks this equation is usually identified as the heat equation. How-
ever, it has far more applicability than heat propagation, and since about
1950 it is more often referred to as the diffusion equation.

Explaining the physical and mathematical assumptions underlying the
derivation of PDEs is outside the purview of this textbook. If you are
interested in this you should consult Holmes [2019].

7.2 « Boundary Value Problems

The PDEs listed above involve the spatial variable x. Consequently, it
is worth first considering how to solve an ODE involving x. A typical
example is to find the function u(z) that satisfies

u' —4u=0, for 0 <z <2, (7.1)
where
u(0) =1, (7.2)
and
u(2) = -3. (7.3)

This is called a boundary value problem (BVP), and it consists of a
differential equation and two boundary conditions, one at each end
of the spatial interval. Because this involves a linear differential equation
with constant coefficients, the methods developed in Chapter 3 can be
used to solve it. So, assuming that u = €', and then substituting this
into the differential equation (7.1), you obtain the characteristic equation
r?2 = 4. The two solutions are r; = —2 and ry = 2, which means that the
general solution of (7.1) is

u=cre 2% 4 cpe??.
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To satisfy the boundary condition at x = 0 we need c¢; + co = 1 and

to satisfy the boundary condition at = 2 we need cie™* + coe = —3.
Solving these two equations yields
et +3 d et +3
co=—F7—— and cg=—F——.
L= 2 P

The other methods derived in Chapter 3 are easily modified to solve
BVPs. As will be demonstrated in Example 1, the method of undeter-
mined coefficients can be used to solve a BVP. However, a complication
can arise as it is possible for the boundary conditions to be incompati-
ble with the differential equation. If this happens then the BVP has no
solution, and Example 2 is a demonstration of when this can happen.

Example 1: Solve u” — 3u’ 4+ 2u = 4z, where u(0) = 3 and u(4) = 0.

Step 1: The associated homogeneous equation is u” — 3u’ +2u = 0.
Assuming u = €"?, one gets the characteristic equation r? —3r+42 =
0. The roots are » = 1 and r = 2, and so uj, = c1e* + coe??.

Step 2: To find a particular solution, we assume that v = Ax + B.
From the differential equation, we get that

—3A+2(Az + B) = 4x.

The coefficients of the respective ™ terms on the left and right hand
sides must be equal, and so we get that:
zh: 2A =4
20: —3A42B=0
Solving these two equation yields A =2 and B = 3.
Step 3: The general solution is

u =2z 4 3+ c1e® + cpe?®.

Step 4: For u(0) = 3 we need ¢; +c2 = 0, and for u(4) = 0 we need
11+ cre + ce® = 0. Consequently, ¢; = —co = 11/(e*(e* — 1)), and
the resulting solution is

Example 2: Show that u” 4+ u = 0, where u(0) = 1 and u(w) = —3, has
no solution.

Ans: Assuming u = €'® gives r?> = —1, from which we get the

general solution u = ¢; cosx + cp sinz. To satisfy u(0) = 1 we need
c1 = 1 and to satisfy u(mr) = —3 we need ¢; = 3. This is not
possible, and so the BVP has no solution. It is worth noting that
if u(m) = —3 is replaced with u(m) = —1 then there are an infinite
number of solutions. |
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7.2.1 « Eigenvalue Problems

We are going to have to consider a particular type of BVP when we solve
a PDE. An example is the problem of solving

u' —du=0, for 0<z<1, (7.4)
where
u(0) =0, (7.5)
and
u(1) = 0. (7.6)

The function u(z) = 0 is a solution, but what we want to know is whether
there are nonzero solutions. To be specific, is it possible to find values
of the constant A so there are solutions that are not identically zero?
This is the same question asked when solving the eigenvalue problem
Aa = )a. In other words, finding u(z) and X\ is an eigenvalue problem.
In this context, the u’s are called eigenfunctions, and the A’s are the
eigenvalues. A distinctive difference from the matrix eigenvalue problem
is that there can be an infinite number of eigenvalues for an eigenvalue
BVP.

Finding A and v is not hard. As usual, assuming that u = €, then
the characteristic equation coming from (7.4) is 72 — A = 0. This means
that » = +v/X. Assuming X is a real number then we have the following
three cases:

A > 0: In this case, the general solution is u = aeV > 4 pe=VAz To satisfy
u(0) = 0 we need a+b = 0, and for u(1) = 0 we need aeVA+be= VA =
0. So, b = —a, and this means that a(e\A — e VA) = 0. Since
eV #* e=VX when \ > 0, the conclusion is that a = 0, and this
means we just get the zero solution.

A =0: The general solution of (7.4) is u = a + bx. To satisfy u(0) = 0
we need a = 0, and for u(1) =0 we need a+b=20. So,a=b=0
and this means we just get the zero solution.

A < 0: Setting A\ = —k?, where k > 0, then r = +ik. This means that
the general solution of (7.4) is

u(z) = acos(kx) + bsin(kx).

To satisfy u(0) = 0 we need a = 0. To satisfy u(1) = 0 we need
bsin(k) = 0. To obtain a not identically zero solution for u(z) we
take k so that sin(k) = 0. This holds if any one of the following
values are used:

k=m2m3nm,....
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The conclusion is that the eigenfunctions are
un(x) = by, sin(nmx), (7.7)

where b, is an arbitrary nonzero constant, and the associated eigenvalues
are
Ay = —(nm)?, (7.8)

form=1,2,3, ...

Skipping the Two Real Roots Case

An observation can be made that will simplify solving an eigenvalue prob-
lem. In the above example, when there were two real-valued solutions for
r, we ended up with the zero solution. This always happens when using
the boundary conditions (7.5) and (7.6). In fact, it always happens for
any of the boundary conditions considered in this textbook. As a sam-
pling of what sort of boundary conditions this can include, look at those
in Exercise 3. So, in this textbook, the two real roots case can be skipped.
For example, if the characteristic equation is 72 = —\, then to skip the
two real roots case it will be assumed that A > 0. Similarly, if the char-
acteristic equation is 72+ Ar+4 = 0, then r = %(—)\ ++/A2 —16), and so
skipping the two real roots case means that it is assumed that A>—16 < 0.

Example 3: Find the eigenvalues and eigenfunctions of u” —4u'+\u = 0,
for 0 < x < 2, where u(0) = 0 and v/(2) = 2u(2).

Answer: Assuming u = €', then from the differential equation the
characteristic equation is r? — 4r + X\ = 0. From this we get that

r=2+v4-— A\

Skipping the two real roots case, it is assumed that 4 — A < 0, or
equivalently A > 4.

A =4: In this case r = 2, and from (3.19) we get that the general
solution is u = ae?® + bre?®. To satisfy u(0) = 0 we need
a = 0. For u/(2) = 2u(2) we need 5be* = 4be*, which means
that b = 0. So, we just get the zero solution.

A > 4: Setting 4 — A\ = —k?, where k > 0, then » = 2 + ik. From
(3.21), the general solution is

u(z) = ae® cos(kx) + be* sin(kx).

To satisfy w(0) = 0 we need a = 0. To satisfy u'(2) = 2u(2) we
need 2be? sin(2k) = 2be? sin(2k) + be? cos(2k). To obtain a not
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identically zero solution we take k so that cos(2k) = 0. This

holds if k = 7, ?jf, %r, ..., which can be written as:

k‘n:(2n—1) , forn=1,2,3,-

The resulting eigenfunctions are u,(z) = b,e?* sin(k,z), and
the associated eigenvalues are \, =4+ k2. W

Rayleigh Quotient

It is possible to show that the eigenvalues for the above BVP must be
negative, without having to first derive the formula for them. This can
be done using what is called the Rayleigh quotient, and this is explained
in Exercise 4. In fact, the steps in this exercise can be modified to also
prove that the eigenvalues must be real-valued, which is an assumption
we made in solving the eigenvalue problem.

The Rayleigh quotient is more than a theoretical tool as it plays an im-
portant role when studying mechanical vibrations as well as when finding
quantum energy levels. It is also used extensively in scientific computing
when solving eigenvalue problems.

Exercises

1. Solve the given BVP.
a) v’ —16u =0, for 0 <z < 1; u(0) =0 and u(1) = 1.
b) v’ —9u =0, for 0 < z < 1; u(0) = 0 and /(1) = —3.
c) v —2u +5u=0,for 0 <x<2;u0)=0and u(2)=1.

) u”" —u =75, for 0 <z <2;u0)=0and u(2) =0.

e) u”+u =2z, for 0 <z < 1; ¥/(0) =0 and u(1) = —1.

f) u” —6u’ + 8u = 8sin(4x) + 24 cos(4x), for 0 < z < m; u(0) = 0 and

( )=1.
2. Show that the given BVP has no solution.
a) u” +9u =0, for 0 < z < m; u(0) =2 and u(r) = 1.
b) 4u” +u =0, for 0 < z < m; u(0) = —1 and /() =
¢) 4’ +7m?u =0, for 0 <z < 1;4/(0) =0 and u(1) = —3.

3. Find the eigenvalues and eigenfunctions of the given BVP. You can use
the “skip the two real roots” simplification, just make sure to state the
resulting assumption on A.

a) u” = Au, for 0 <z < 1; u(0) = 0 and u/(1) = 0.
b) u” = Au, for 0 < z < 4; u/(0) = 0 and u'(4) = 0.
c) u"+ ' +u=0,for 0<z<4;u0)=0and u(4) =0.

o
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d) u” 4+ 2u" = Au, for 0 < z < 1; u(0) = 0 and u(1) = 0.
e) u" 4+ u=0, for 0 <z <1; u(0) =u(l) and v/ (0) = w’'(1). These
are called periodic boundary conditions.

4. This exercise explores the usefulness of what is known as the Rayleigh
quotient for the eigenvalue problem (7.4)-(7.6).

a) If you multiply (7.4) by u, and then integrate over the interval, you
get fol(uu” — Au?)dx = 0. From this show that

\ = f01<“/)2d95
f01u2d:n '

This is the Rayleigh quotient for this problem.

b) Use part (a) to explain why, given an eigenfunction u(x), that the
associated eigenvalue must be negative.

¢) The fundamental eigenvalue corresponds to the case of n = 1 in
(7.7). Taking by = 1, sketch ui(z) for 0 < 2 < 1. On the same
axes, also sketch w(z) = 4z(1 — z).

d) Part (c) shows that w(x) can be used as an approximation of u; (z).
Use w(x) in the Rayleigh quotient to obtain an approximation for
A1. This is often used in quantum and classical mechanics to esti-
mate an eigenvalue without actually solving the differential equa-
tion.

7.3 = Separation of Variables

The solution method will be introduced by using it to solve a problem
involving the diffusion equation. This requires a correctly formulated
problem, and the one considered is to find the function u(x, t) that satisfies

2
0“u  Ou . {0<x<L, (7.9)

0x2 ~ ot’ 0<t.

In this equation, the positive constant D is the called the diffusion coef-
ficient. To complete the formulation we will prescribe the values of u at
the two endpoints, where x = 0 and x = L, and at the beginning, when
t = 0. Specifically, for boundary conditions it is assumed that

u(0,t) =0, (7.10)

and
u(L,t) = 0. (7.11)

For the initial condition, it is assumed that

u(z,0) =g(z), for 0<z <L, (7.12)
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where g(x) is a given function.

The fact that v = 0 is a solution of the PDE and the boundary
conditions is required for the method of separation of variables to work.
The reason is that this will enable us to use the principle of superposition.
So, if the left boundary condition is changed to, say, u(0,t) = 1, or the
PDE is changed to, say, Du,, = u; + x, then separation of variables
will not work. What is necessary in these cases is to first transform the
problem into one where u = 0 is a solution of the PDE and boundary
conditions. How this is done is considered in Sections 7.6 and 7.7.

7.3.1 = Separation of Variables Assumption

The assumption is simply that
u(z,t) = F(z)G(t). (7.13)

Substituting this into the PDE (7.9) gives DF"(2)G(t) = F(z)G'(t).
Separating variables yields
F'(z) G'(t)

DTy = G- (7.14)

Now comes the key observation. The only way a function of x can equal
a function of ¢, since x and t are independent, is that the function of z is
a constant, the function of ¢ is a constant, and the constants are equal.
In other words, there is a constant A so that

"
DF (z) _,
F(z)
and o
) _
G(1)
These can be rewritten as
DF"(z) = \F(z). (7.15)
and
G'(t) = \G(t). (7.16)
The M\ appearing here is called, not surprisingly, the separation con-
stant.

7.3.2 « Finding F(z) and A

The separation of variables assumption must be applied to the boundary
conditions. So, to have u(0,t) = 0, we need F(0)G(t) = 0. For this to
happen, and for u to not be identically zero, we require that F'(0) = 0.
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Similarly, we need F(L) = 0. Consequently, all-together, the function
F(x) must satisfy

DF"(x) = AF(z), for 0 <z <L, (7.17)

where
F0)=0 and F(L)=0, (7.18)
The solution of this BVP depends on whether A is zero or not. So, we

have two cases to consider.

A =0: In this case (7.17) is F” = 0, and so F(z) = a + bx. To satisfy
F(0) = 0 we need a = 0, and for F(L) = 0 we need b = 0. So, we

just get the zero solution in this case.

A #0: Assuming F(x) = €’®, then (7.17) reduces to Dr? = X. We will
skip the two real roots case, which means we only consider A < 0.
Setting A = —k?, where k > 0, then Dr? = —k?. This means that
r = +ik/v/D. The resulting general solution of (7.17) is

F(z) = acos(kz/vVD) + bsin(kz/VD).

To satisfy F'(0) = 0 we need a = 0. To satisfy F(L) = 0 we need
bsin(kL/v/D) = 0. To obtain a function F(z) that is not identically
zero, we take k so that sin(kL/v/D) = 0. This holds if any one of
the following values are used:

k‘L/\/B:’]T,Qﬂ',g’]T,...,

or equivalently

7D 37vD 3nvD

= .. 1
K L ' L ° L’ (7.19)
The conclusion is that the not identically zero solutions of (7.17) and
(7.18) are
F.(z) =b, sin(?), (7.20)
and )
nm
- —D(—) : 21
A i (7.21)
forn=1, 2,3, .... Also, b, is an arbitrary constant.
7.3.3 - Finding G(t)
For A = )\, the general solution of (7.16) is
Gn(t) = ape*?t, (7.22)

where a,, is an arbitrary constant. The function G, (t) is not required to
satisfy the initial condition (7.12); that condition will be satisfied once we
determine the general solution.
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7.3.4 = The General Solution

We have shown that for any given n, the function u,(z,t) = F,(z)Gy(t)
is a solution of the PDE that satisfies the boundary conditions. Because
the PDE and boundary conditions are homogeneous, and the problem is
linear, the principle of superposition can be used (see page 5). There-
fore, the resulting general solution, that satisfies the PDE and boundary
conditions, is

u(x,t) = Z un(x,t),
n=1

or equivalently
oo
£) = > bue™tsin (110 7.23
u(x,)nzlne sin(—— ) (7.23)

where b,, is an arbitrary constant, and A, is given in (7.21). In writing
this down, the constant a, in (7.22) has been absorbed into the b,.

7.3.5 « Satisfying the Initial Condition

It remains to satisfy the initial condition, which is u(x,0) = g(z). Ac-
cording to our solution in (7.23), we need

i by sin(ﬂ;) = g(x). (7.24)

This is the equation that is used to determine the b,’s. However, the
left-hand-side is an example of what is known as a Fourier series. More
specifically, it is an example of a Fourier sine series. There are some
significant mathematical questions that arise here, one of which is whether
the series converges. This, and some related questions, are addressed in
the next section. For the moment, we simply state the conclusion. If g(x)
is continuous, except perhaps for a few jump discontinuities, then

by, = E/OLQ(:E) sin(?)daj. (7.25)

7.3.6 = Examples

Example 1: Suppose that D =1, L = 2, and g(x) = 3sin(7x). In this
case, from (7.21), A, = —(n7/2)?, and the resulting general solution
(7.23) is

o0
u(z,t) = Z be A Sin(?).
n=1
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Solution

Solution

To satisfy the initial condition, it helps to notice that g(z) is one
of the sine functions in the series. To make this more evident, the
requirement that u(z,0) = g(z) means that we need

oo
Z by, sin(?) = 3sin(nz),
n=1
or equivalently

by sin(%) +by sin(mx)+bs sin(?me) +bysin(2wx)+- - - = 3sin(nz).

To satisfy this equation, take bo = 3 and set all the other b,’s to
zero. Therefore, the solution is

w(z,t) = 3¢~ sin(ma). (7.26)

This solution is shown in Figure 7.1, both as time slices and as the
solution surface for 0 <¢<0.24. N

t-axis X-axis

X-axis

Figure 7.1. Solution of the diffusion equation in Example 1. Shown is the

solution surface as well as the solution profiles at specific time values.
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Example 2: Suppose that in the previous example,
3
g(x) = 3Sin<%> - 4sin<%x) + 5sin(27x).

This is an example of when g(z) involves the sum of three of the
sine functions in the series. The requirement is that

o0

3
Z bn, sin(?) = 3sin<?) - 4sin($) + 5sin(27x).
n=1

To satisfy this we take by = 3, b3 = —4, by = 5, and all the other
bn’s are zero. The resulting solution is

3
+ e dn’t sin(2rz). W

Example 3: Suppose that D =1, L =1, and

1 if 1 <zr<?2
— 37 7.27
9(z) { 0 othervvlse. ( )

In this case, it is necessary to use (7.25) to find the b,’s. Carrying
out the integration

2/3
by, = 2/ sin(nmx)dz
1/3

= %(cos(mr/?)) — Cos(2n7r/3)>-

As for the solution, since \,, = —(n7)2, then
Zb e sin(nmz). (7.28)

This solution is shown in Figure 7.2 for 0 <¢ <0.1. N

Exercises

1. You are to find the solution of the diffusion problem for the following
initial conditions. Assume that L = 1 and D = 3. Note that you
should be able to answer this question without using integration.

a) g(x) = —4sin(bmz).
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Solution

Solution
o
[3,]
T

t-axis

x-axis

0

Figure 7.2. Solution of the diffusion equation in Example 3. Shown is the
solution surface as well as the solution profiles at specific time values.

=3

6sin(1lmx).

)
c)
)
e)

X

[o¥)

X

x) = 4sin(27z) cos(mx).

g(a) =

g(x) = sin(mzx) + 8sin(4rx) — 10sin(7rx).

g(x) = —sin(3mwx) + 7sin(87z) 4+ 2sin(157z).
9(

2. You are to find the solution of the diffusion problem for the following
initial conditions. Assume that L =2 and D = 4.

Find the solution of

Pu Ou

0x2  Ot’

where u(0,t) =0,

-1 if 0<z<1
0 otherwise
{1 if 0<z<%

2 otherwise

0<a <3,
0<t,

u(3,t) =0, and u(z,0) = —
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4. Find the solution of

0<z <2,

2,
10 0;u = Oy, for {0<t,

1 if t<a<d
where u(0,t) =0, u(2,t) =0, and u(z,0) = { 0 i)thir\_vi::e_ 2

5. Find the general solution of the following.
a) Uzy = Uy, for 0 < z < 1, with the boundary conditions u(0,¢) = 0
and ug(1,t) = 0.
b) 4dug, = uy, for 0 < x < 1, with the boundary conditions u,(0,¢) =0
and u(1,t) = 0.
c) (1 +t)0%u = du, for 0 < x < 1, with the boundary conditions
u(0,t) = 0 and u(1,t) = 0.
d) Uuge = ug + e tu, for 0 < x < 1, with the boundary conditions
u(0,t) =0 and u(1,t) = 0.
6. Find the solution of the problem for the given initial condition.

a) Exercise 5(a), with u(z,0) = 3sin(ZE) — 7sin(23%).

b) Exercise 5(b), with u(z,0) = —5 cos(32%) — 2 cos(HI%).
¢) Exercise 5(c), with u(z,0) = 14sin(107z) + 30 sin(187x).
d) Exercise 5(d), with u(z,0) = —24sin(37x) — 12sin(157x).
7. Find the resulting ODEs obtained using separation of variables on the
given PDE.
a) (1 + T)Ugy + tu = Ty, assuming u =

b

F(z)G(t
) 72Uy + T + ugg = 0, assuming u = R(r)O (0
) Op(e*0pu) = (14 x2)0su, assuming v = F(x)G(t)
d) w.. + 3zu; = uyy + 9u, assuming v = Z(2)Y (y)
)

u2 +u? = e"'u?, assuming u = F(z)G(t)

)
)

e

7.4 = Sine and Cosine Series

To satisfy the initial condition for the diffusion problem considered in the
previous section, we were required to find the b,,’s so that

- ibn sin(”—?), for 0 << L. (7.29)
n=1

This is an example of a Fourier sine series. Finding the b,,’s is not hard.
However, this requires knowing what restrictions must be placed on g(z),
and so, this is where we begin.

One of the requirements is that g(x) is piecewise continuous for 0 <
x < L. As explained in Section 6.3, this means that g(z) is continuous
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except, possibly, for a finite number of jump discontinuities. To state
that g(z) has a jump discontinuity at z = a means that g(x) is not
continuous at = = a, but the limits of g(x) from the left, g(a™), and from
the right, g(a™), are defined and finite. This is the requirement when
0 < a < L. For x = 0, then g(0") must be defined and finite, but it is not
required to equal g(0). Similarly, for x = L, g(L~) must be defined and
finite, but it is not required to equal g(L). As an example, the function
in (7.27) has a jump discontinuity at x = 1/3 and at = = 2/3.

A consequence of the assumption that g(x) is piecewise continuous is
that the integral in (7.25) is well-defined.

7.4.1 - Finding the b,’s

The working hypothesis is that the sine series converges, and we can
integrate it term-by-term. The reason for this assumption is that the
key for finding the coefficients is the integration formula: if m and n are
positive integers, then

L .
/L sin<n2x> sin<m2$>da: ~! 2 om=mn. (7.30)
0 0 if m # n.

The derivation of this formula is often done when covering integration
techniques for trigonometric integrals in calculus, and it involves using
the identity sinaxsinbz = %[ cos(a — b)x — cos(a + b)z].

To illustrate how (7.30) is used, suppose we want to find the value for,
say, by. Multiplying (7.29) by sin(77wz/L), and then integrating yields

/OL g(x) sin(th)am = ni::l bn, /OL sin(th) sin(nLﬂ>dm.

According to (7.30), all of the integrals on the right are zero except when
n = 7. Consequently,

L
. [Tz L
/Og(x)sm(L)d:L‘—2b7,

2 (L . /TImx
b7—L/O g(a:)sm(T)d:E.

A similar result is obtained for the other b,’s, and the resulting formula
is

or equivalently

by, = Z/()L g(x) sin(?)dm. (7.31)
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7.4.2 « Convergence Theorem

Proving a sine series converges requires more than just using the ratio
test, which is the way you prove a power series converges. The proof is
beyond the scope of this textbook, but the result is important for our
using a sine series when solving PDEs.

Sine Series Convergence Theorem. Assume that g(x) and ¢'(z) are
piecewise continuous for 0 < x < L, and the b, ’s are given in (7.31).

For 0 < z < L: If g(x) is continuous at x, then

i by, sin(?) = g(x), (7.32)
n=1

and if g(x) has a jump discontinuity at x, then

1

Z by, sin(ﬂLx) =3 [g(z™) 4+ g(z7)]. (7.33)
n=1

At x =0or x = L: The sine series is zero when t =0 or x = L.

In words, the theorem states that the sine series equals the function g(x)
at points in the interval where g(x) is continuous, and it equals the average
in the jump of g(z) at a jump discontinuity. At the endpoints, no matter
what the value of g(0) or g(L), the series sums to zero.

7.4.3 « Examples

Finding a sine series is rather uneventful as it is simply a matter of eval-
uating the given formulas. The only concern is how hard it is to evaluate
the integrals to find the coefficients. So, in the examples below, a more
practical question is also considered. Namely, how many terms of the
series do you have to add together to obtain an accurate approximation
of the function g(x)? As will be seen, the answer depends on whether
the function is continuous, and whether it has the right values at the
endpoints.

Example 1: Taking L = 3, suppose

g(w) =

T if 0<z<2,
1 if 2<a<3.

Sketch the function that the sine series converges to for 0 < z < 3.

Answer: It is recommended that you first sketch g(x), which is
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Figure 7.3. The function that the sine series sums to in Example 1.

done in the top plot in Figure 7.3. The function that the sine
series converges to is the same except at jump discontinuities, and
possibly at the endpoints. For this g(x), at © = 2 the series sums
to the average 3[g(2%) + g(27)] = 3(1+2) = 3. At both endpoints
it sums to zero. The sketch of the resultlng functlon is given in the
bottom plot in Figure 7.3. N

Example 2: For 0 < z < 1, find the sine series of

T if

3
S1-z) if

wi—= O
A INA
IAIA
H wl—

x
x
Answer: Using (7.31), and integrating by parts,

1/3 1
by, = 6/ xrsin(nrz)dr + 3/ (1 — z)sin(nnrz)dz
0 1/3
9 .
=33 sin(nm/3).

Because g(z) is continuous, and g(0) = g(1) = 0, we have that

(e 9]

Z 5 sin(nm/3) sin(nmz), for 0 <z < 1. (7.34)
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Figure 7.4. Comparison between the function g(x) in Example 2, shown with
the dashed blue curve, and the sine series approxzimation in (7.35), shown using a solid
red curve.

When computing the value of the sine series it is necessary to pick
an N, and then use the approximation

N

9
g(x) ~ nz:l 52,7 sin(nm/3) sin(nmz). (7.35)
The accuracy of this is shown in Figure 7.4. It is evident that for

smaller values of N the approximation is not very good, but it is
not bad for N =27. N

Example 3: For 0 < x < 1, find the sine series of

1 ifo<z<q,
9(z) = { 0 otherwise.

Also, sketch the function the sine series converges to for 0 < x < 1.
Answer: Using (7.31),

1/4
by, = 2/ sin(nmx)dx =
0

=—|1- 4)|.
mr[ cos(nm/4)]
From this we have that, except for x = 0 and z = 1/4,
> 2
= — 11— 4)| si ) 7.36
g() 1; e [1 — cos(nm/4)] sin(nmz) (7.36)
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Figure 7.5. The function the sine series in Example 8 converges to for 0 < x < 1.

At z = 0 the series is zero, and at z = 1/4 the series sums to 1/2,

which is the average in the jump of g(x) at this point. The resulting
function is shown in Figure 7.5.

The resulting approximation is, given IV,
N

g(x) =~ Z 2 [1 — cos(nm/4)] sin(nmz). (7.37)

nm
n=1

The accuracy of this is shown in Figure 7.6. Because of the jump in
the function, the sine series requires a larger value of N than needed

1 N=4
<
505
0 o \//\
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
x-axis x-axis
1 N =40 ] 1 N =200
=< x
5 0.5 %05
0 A 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X-axis X-axis

Figure 7.6. Comparison between the function g(z) for Ezample 3, shown

with the blue curve, and the sine series approzimation in (7.87), shown using the red
curve.
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in Example 2 to provide an accurate approximation. However, even
with a larger IV, the series has difficulty in the immediate vicinity of
the jump. It has the same problem near x = 0 since the series is zero
at © = 0 but g(0) = 1. The larger oscillations near the jump points
are associated with what is called Gibbs phenomenon. As can
be seen in the figure, the region where these oscillations occur can
be reduced by taking larger values of N. However, the maximum
overshoot and undershoot on either side of the jump do not go to
zero. Instead, for 0 < x < L, they approach a value that is equal to
about 9% of the jump in the function. Because jump discontinuities
arise so often in applications, there has been considerable research
into how to remove the over and under shoots in the Fourier series
solution. Omne of the more well known methods involves filtering
them out, and an example is Fejér summation. More about this can
be found in Jerri [1998]. W

7.4.4 « Cosine Series

Using separation of variables, it is not uncommon to end up with a cosine
series rather than a sine series. In this case, the initial condition requires
finding the a,’s that satisfy

1 > nmwx
g(x) = §ao + ;an COS(T), for 0<z < L. (7.38)

The convergence theorem for this is very similar to the one for the sine
series. First, the needed integration formula is, if m and n are integers,

L if m=n=0,
L
nwx mnx L
cos cos dr = — if m=mn#0, 7.39)
| eos (M) eos (M) ) (
0 if m # n.

The derivation of this formula is a straightforward calculation using the
identity cosaz cosbz = (cos(a — b)x + cos(a + b)x)/2. This formula is
used in the same way the one for the sine series was used. Namely, if you
want to determine, say, a4, you multiply (7.38) by cos(4mz/L) and then
integrate over the interval 0 < xz < L. The resulting formula, for general
n, is

an, = E/OL g(x) cos(n—zx)dx. (7.40)

This brings us to the next result.
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Cosine Series Convergence Theorem. Assume that g(x) and ¢'(x)
are piecewise continuous for 0 < x < L, and the a,’s are given in (7.40).
If g(x) is continuous at x, then

1 ad nmT
540 + ; an COS(T) = g(z). (7.41)
If g(x) has a jump discontinuity at x, and 0 < x < L, then
1a + ia cos(m> = 1[ (x) + (:c_)] (7.42)
2 0 Z n L - 2 g g . .

At z = 0, the series sums to g(0"), and at x = L, the series sums to
g(L™).

In words, the theorem states that the cosine series equals the function
g(z) at points in the interval where g(z) is continuous, and it equals the
average in the jump of g(x) at a jump discontinuity. At the endpoints, it
sums to the respective limit of g(z) at the endpoint.

Example 4: For 0 < x < 1, find the cosine series of

z+1 if 0
g(x) = e 1
2

Answer: Using (7.40), if n # 0,

1
2/ g(z) cos(nmx)dz
0

1/2 1
2/ (x 4+ 1) cos(nmz)dr + 2/ 2 cos(nmz)dx
0 1/2

2+ o
o
.d:, .
n
015 _
=
[72]
o
(&]
1 -
|
0 0.5 1
X-axis

Figure 7.7. The function the cosine series in Example 4 converges to for 0 <z < 1.
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0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X-axis X-axis

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X-axis X-axis

Figure 7.8. Comparison between the function g(z) for Ezample 4, shown
with the blue curve, and the cosine series approzimation in (7.44), shown using the red
curve.

L(cos (%) - 1) — isim (%),

n2m?2 s

and when n = 0, ag = 13/4. From this we have that, except for
r=1/2,

g(z) = % + i [%(cos (%T) — 1) - Lsin (T;—Tr)} cos(nmx).

nm
(7.43)
At 2 = 1/2 the series sums to the average in the jump in g(z), and
so it equals 7/4. The resulting function is shown in Figure 7.7.

n=1

The resulting approximation is, given N,

N
g(x) ~ % + Z:l [#(cos (%T) — 1) - isin (ng)} cos(nmz).

(7.44)
The accuracy of this is shown in Figure 7.8. As happened with
the sine series, in the immediate vicinity of the jump the series
oscillates. However, unlike Example 3, there are no oscillations at
the endpoints. W
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7.4.5 = Differentiability

In using a sine or cosine series when solving a PDE;, it is implicitly assumed
you can differentiate the series term-by-term. What this means is that it

is assumed that
oo

d - d
With this in mind, in Example 3, if you try this with (7.36), you get

Z 2(1 — cos(nm/4)) cos(nmz). (7.45)
n=1

As you should recall, if an infinite series ) a,, converges, then it must be
true that a, — 0 as n — oo. The above series for ¢'(x) does not satisfy
this condition, and therefore it does not converge. In other words, you
can not differentiate (7.36) term-by-term. In contrast, for Example 2 you
can differentiate the series term-by-term. The theorem that explains this
states that if g(x) is continuous, and ¢'(z) is piecewise continuous, for
0 < z < L, then you can differentiate the cosine series term-by-term. You
can differentiate a sine series term-by-term if it is also true that g(0) =
g(L) = 0 [Tolstov and Silverman, 1976]. This holds for Example 2, and
that is why term-by-term differentiation can be done with that sine series.
For both the cosine and sine series, if g(x) is not continuous, then term-by-
term differentiation is not possible without additional assumptions. Those
interested in pursuing this issue a bit further should look at Exercise 11.

The situation for term-by-term integration is better. Specifically, if
g(x) satisfies the requirements of the convergence theorem, its sine, and
cosine, series can be integrated term-by-term.

The next question is whether the potential non-differentiability of a
sine series means that we can not use it to solve the diffusion equation.
To explain why this is not a problem, consider the solution (7.43), which
is

o
= Z bpe sin(nmx).
n=1
As long as t > 0, the coefficients of this series are exponentially decreas-
ing functions of n2. This, along with the fact that the series for g(z)
converges, guarantee that you can differentiate the series term-by-term
without reservation, as long as ¢ > 0.

7.4.6 = Infinite Dimensional

For vectors in R3, the dot product is used to determine orthogonality. As
you should recall, x and y are orthogonal if x - y = 0. Also, any vector
in R3 can be written in terms of the three coordinate vectors i, j, and k.
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This means that it is possible to write x as a linear combination of these
vectors: x = i + yj + zk. In this sense, i, j, and k are a basis for R3.
In fact, since i, j, and k are orthogonal to each other, they form what is
called an orthogonal basis. Because there are three vectors in the basis,
R3 is three dimensional.

Now, the Sine Series Convergence Theorem states when a function
g(x) can be written as a linear combination of the sine functions sin(7wx /L),
sin(2rz/L), sin(3wz/L), - --. There is also a dot product, or what is usu-
ally called an inner product, for the sine functions, and it involves the
integral appearing in the integration formula in (7.30). According to this
integration rule, the sine functions are orthogonal to each other. This
means that sin(rz/L), sin(2rx/L), sin(37z/L), --- is an orthogonal ba-
sis. Because this basis contains an infinite number of elements, the space
we are considering is infinite dimensional. This viewpoint gives rise to
what is called a Hilbert space, and these play a fundamental role in many
areas in science and engineering. For an introduction to Hilbert spaces
and partial differential equations, you might consult Gustafson [1999].

Exercises

1. Sketch the graph of f(z) for 0 < x < 1. Also, determine whether f(z)
is continuous, piecewise continuous, or neither for 0 < x < 1.

1 if 0<a<3 0 if 2=0
a) flz)=4¢ 2z if $<z<2 ¢ fl)=¢ Inz if 0<z<1
3 if f<a<l 1 if z=1
1 if z=113"1 0 if 0<z<i
b — L2 g _ =% =12
) /(=) {2 otherwise ) /() {2;1 if %<x§1

2. Assuming that L = 2, explain why g(x) does not satisfy the conditions
stated in the Sine Series Convergence Theorem.

1/3 1

a) g(z) == b) g(x) = tanz ¢) 9(2) =

3. In the following, g(z) and ¢'(z) are piecewise continuous. Assuming
that L = 2, sketch the function to which the sine series converges, for
0 <z < 2. The Heaviside function H(z) is defined on page 169.



Exercises s
2—2 if 0<z<1 1 if <<
_ <z< . _ Lagp<s
g)M@_{ 0 if1<a<2 VIV {Oomam%
1 if o<z<i
h) g(z) = 0 if 0<z<1 ‘ . ?f?_x;i
= x otherwise 3) g(z) = ! §<I—§

10.

11.

. Find the sine series for the functions in Exercise 3.

. For the functions in Exercise 3, sketch the function to which the cosine

series converges, for 0 < z < 2.

. Find the cosine series for the functions in Exercise 3.

. For any given z from the interval 0 < x < 1, use the comparison test

to show that the series in (7.34) converges absolutely.

. In this exercise let g(x) = 22, for 0 < x < 1.

a) Find the cosine series for g(z).

b) For any given x from the interval 0 < x < 1, use the comparison
test to show that the series in part (a) converges absolutely.

¢) Using your result from part (a), show that

i (_1)n+l 71.2
2 19
— n 12
In this exercise let g(z) =z, for 0 <z < 1.
a) Find the sine series for g(x).

b) Using your result from part (a), show that

m_, 1,11
;- T3ty

Find a function g(x) that is continuous for 0 < x < 1, except for a
jump discontinuity at x = 1/2, and which equals its sine series for
0<z<1.

This exercise deals with the restriction on term-by-term differentiabil-
ity of the sine series. This requires you to have read Section 6.7.1. If
the observation made in this exercise interests you, you might want to
look at Stakgold [2000].

a) Write the function g(z) in Example 3 in terms of the Heaviside
function H(z).

b) Using Example 4, from Section 6.7.1, what is ¢'(z)?

¢) Using your result from part (b), what is the sine series for ¢'(z)?
How does this differ from the result in (7.45)7
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7.5 « Wave Equation
The problem involves finding the function u(x,t) that satisfies

2 2
207w _ Ou for { 0<z <L, (7.46)

“or2 T o 0<t,

where c is a positive constant. This PDE is known as the wave equation.
It applies, for example, to the vertical displacement u(x,t) of an elastic
string. This provides an interesting interpretation of the terms in the sine
series solution, and this is discussed in Section 7.5.2.

To complete the problem, the boundary conditions are

u(0,t) =0, (7.47)
and
u(L,t) = 0. (7.48)
For the initial conditions, it is assumed that
u(z,0) = g(z), for 0 <z <L, (7.49)
and
ur(x,0) = h(z), for 0 <z <L, (7.50)

where g(x) and h(x) are given functions. To avoid the complication with
differentiability, as described in Section 7.4.5, it is assumed that g(x)
and h(z) are smooth functions that satisfy the boundary conditions, and
¢"(0) = g"(L) = 0.

As with the diffusion problem, separation of variables will be used to
find the general solution of the PDE and boundary conditions. After that,
the initial conditions will be satisfied. Also, you should notice, as with the
diffusion problem, the PDE and boundary conditions are homogeneous.
This is required for separation of variables to work.

Separation of Variables Assumption

Assuming
u(z,t) = F(z)G(t), (7.51)
and then substituting this into the PDE gives us
LF'@) G
Fx)  G()

Since the left-hand-side is only a function of x, and the right-hand-side is
only a function of ¢, we can conclude that there is a constant A so that

AF"(x) = \F(z), (7.53)

(7.52)

and
G"(t) = \G(t). (7.54)
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Finding F'(x) and X\

The separation of variables assumption must be used on the boundary
conditions. So, to have u(0,t) = 0, we need F'(0)G(t) = 0. For this to
happen, and u not be identically zero, we require that F'(0) = 0. Similarly,
we need F'(L) = 0. Consequently, all-together, the function F'(z) must
satisfy

F"(x) = AF(x), (7.55)

where

F0)=0 and F(L)=0, (7.56)

The only difference between the above BVP, and the one for the diffu-
sion equation, is that we now have the coefficient ¢? instead of D. Conse-
quently, from (7.20) and (7.21), the nonzero solutions of (7.55) and (7.56)
are

Finding G(t)

Fy(z) = by sin(?), (7.57)
and )
-2 ”l)
An = —c ( =) (7.58)
forn=1,2,3,.... Also, b, is an arbitrary constant.
Now that we know A, (7.54) takes the form
" 2 (N 2
G"(t) = —c (7) G(t)
L
Assuming that G(t) = e, we get that r> = —(enw/L)%. So, r =
+icnm /L, and from this we get the general solution
Gn(t) = ap cos(wpt) + by sin(wpt), (7.59)
where e

and a, and b, are arbitrary constants.

The General Solution

We have shown that for any given n, the function u,(z,t) = F,(z)Gy(t)
is a solution of the PDE that satisfies the boundary conditions. The re-
sulting general solution, that satisfies the PDE and boundary conditions,
is, therefore,

u(z,t) = Zun(fn,t),
n=1
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or equivalently
Z an cos(wnt) + by sin(wpt)] sin(ﬂLx), (7.61)

where a,, and b,, are arbitrary constants, and w, is given in (7.60). In
writing this down, the constant b, in (7.57) has been absorbed into the
a, and b,.

Satisfying the Initial Conditions

u(z,0) = g(z): We need
ad . /N7
nz::l an s1n<T) = g(z). (7.62)
From (7.31), this means that
9 L
an = L/o g(x) sin(?)daz. (7.63)
ut(x,0) = h(z): From (7.61), it is required that

i Wby, sin(?) = h(x). (7.64)
n=1

Letting B,, = wy,by,, then the above equation takes the form

i B, sin(n—zx) = h(z). (7.65)
n=1

This is the same problem we had in Section 7.3.5, except that the
coefficient is being denoted as B, instead of b,. So, from (7.25),

2 (L . /T
Bn—L/O h(:v)sm(T)dx.

Since b, = B, /wy, the conclusion is that

2 L nwx
b, = — h $in | —— | dx.
enm o (z) 51n( L ) .

(7.66)

7.5.1 - Examples

Example 1: Suppose that ¢ =1, L =2, g(z) = 3sin(nx), and h(x) = 0.
In this case, from (7.60), w,, = nw/2. The resulting general solution
(7.61) is

i [an cos —t + by, sin (%t)} sin(?).

n=1
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Solution

Solution

Figure 7.9. Solution of the wave equation in Example 1. Shown is the solution

surface as well as the solution profiles at specific time values.

To satisfy the initial condition, since h(x) = 0 then, from (7.66),
the by,’s are all zero. As for the a,’s, note that g(x) is one of the
sine functions in the series. Namely, it is the one when n = 2. This
enables us to avoid the integral in (7.63). To satisfy (7.62) we simply
take ao = 3, and all the other b,,’s are zero. Therefore, the solution
is

u(z,t) = 3cos(mt) sin(mx). (7.67)
This solution is shown in Figure 7.9, both as time slices and as
the solution surface for 0 < ¢t < 3T, where T = 2 is the period of
oscillation. W

Example 2: Suppose that in the previous example, the initial conditions

are g(z) = 0 and
. (T . /3T .
h(z) = 351n(7> - 4sm<7> + 5sin(2mx).
This consists of the sum of three of the sine functions in (7.65):

n =1, n =3, and n = 4. To satisfy (7.65) we take B; = 3,
Bs = —4, By = 5, and all the other B,’s are zero. With this,
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by = 3/wi = 6/7, b3 = —4/wz = —8/(37), by = 5/ws = 5/(27).
Also, since g(x) = 0, then from (7.63), all the a,’s are zero. The
resulting solution is

(2,1) 6 . (mﬁ) . (m:) 8 . (37rt) . (37m:)
u\xr = —Smm|—)sm|{ — ) — —sin{ — | si{ ——
’ T 2 2 3 2 2

)
+ or sin(27t) sin(27z). W

7.5.2 =« Natural Modes and Standing Waves

The curves shown in the lower plot in Figure 7.9 resemble what you see for
time lapse photographs of a vibrating string. There is a reason for this,
which is that the wave equation can be used to model the vibrational
motion of an elastic string. To pursue this a bit further, we found that
the solution of the wave equation problem consists of the superposition
of functions of the form

U (z,t) = [an cos(wnt) + by, sin(wnt)] sin(%ﬂ), (7.68)

where o
n = —— 7.69
=" (7.69)

The expression in the square brackets is a periodic function of ¢, with
period 27/wy,. In this context, sin(nmz/L) is called a natural mode for
the problem, having natural frequency wy,. The resulting solution in (7.68)
corresponds to what is called a standing wave. So, the curves shown in
the lower plot in Figure 7.9 are plots of a standing wave in the case of
when n = 2. It is also possible to have traveling wave solutions, similar
to waves on a lake or ocean. If you want to learn about traveling waves,
you might look at Strauss [2007] or Holmes [2019].

Exercises

1. You are to find the solution of the wave equation problem for the
following initial conditions. Assume that L = 1 and ¢ = 4. Note that
you should be able to answer this question without using integration.
a) g(r) =sin(3nx), and h(z) =
b) g(x) =0, and h(x) = —2sin(87x)

) g(x) = —sin(nx) 4+ 4sin(37z), and h(z) = —3sin(brx)

) g(x) = 5sin(7rx), and h(z) = 2sin(87x) + 3sin(127x)

e) g(x) = 2sin(2nzx) cos(nzx), and h(x) = —2sin(87x)

f) g(x) = 3cos(2mx — §), and h(x) = —3 cos(7rx) sin(27x)

2. Find the general solution of the following.

a0
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a) Uzy = Uy, for 0 < x < 1, with the boundary conditions u(0,t) = 0
and ug(1,t) = 0.

b) 4dug, = uy, for 0 < x < 1, with the boundary conditions u,(0,¢) =0
and u(1,t) = 0.

C) Ugzy = duy, for 0 < x < 1, with the boundary conditions u(0,t) =
u(1,t) and uz(0,t) = ugy(1,1).

d) uzy = ugtuy, for 0 < x < 1, with the boundary conditions u(0,t) =
0 and u(1,t) = 0. This is an example of what is called a damped
wave equation.

3. Solve

92~ o2’ 0<t,

where u(0,t) =0, u(1,t) =0, u(z,0) = 0, and us(z,0) = x(1 — ).

2 2
48u 0%u ¢ {0<x<1,

7.6 = Inhomogeneous Boundary Conditions

Solving the diffusion and wave equations using separation of variables
required the boundary conditions to be homogeneous. We now consider
how to find the solution when the boundary conditions are inhomoge-
neous, and have the form

u(0,t) = «, (7.70)

and
u(L,t) = B, (7.71)

where o and (8 are constants. The method used to find the solution is to
write it as

u(z,t) = w(z) + v(z,t),
where we pick w(x) so it satisfies the given boundary conditions. In other
words, so that w(0) = a and w(L) = . Pretty much any smooth function
can be used, but it makes things easier if w comes from the steady state
equation. What this entails is explained below.

7.6.1 - Steady State Solution

To find the steady state solution you assume that u(z,t) = w(z). This
is required to satisfy the PDE and the boundary conditions. Assuming
we are solving the diffusion equation (7.9), then we are looking for the
function w(x) that satisfies

o
dz?
where, from (7.70) and (7.71), w(0) = « and w(L) = . The resulting

solution is
08—«

L

=0, for O<z <L,

w(z) =a+ x.
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7.6.2 = Transformed Problem

Now that we know the steady state solution, we write the solution of the
original diffusion problem as

7 z +v(x,t). (7.72)

u(z,t) = a+ P

Since Uy, = vz, and uy = vy, then from the diffusion equation (7.9) we
have that

(7.73)

oz~ o’ 0<t.

At z =0, from (7.72), v(0,t) = u(0,t) — a = 0. This also happens at the
other endpoint. So, the boundary conditions are

v v fo {O<x<L,

v(0,t) =0, (7.74)

and
v(L,t) = 0. (7.75)

Finally, if the initial condition is u(z,0) = g(z), then the resulting initial
condition for v is

v(z,0) =g(x) —a — b= aa;, for 0 <z < L. (7.76)

The above problem for v(z,t) has the same form as the one for u(z,t),
as given in (7.9)-(7.12), except for a slightly different looking initial condi-
tion. Consequently, we can use the solution as given in (7.23) and (7.25)
if we make the appropriate adjustments. In particular,

oo
v(z,t) = Z bpetnt sin(?) ,
n=1

where ;
by, = z/o (g(x) —a-— ﬂzaa:> sin(n—zx)dx, (7.77)
and
m=-D(F)

7.6.3 = Summary

‘We have shown that the solution of

u  Ou for { O<z<L,

022~ ot’ 0<t,
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where u(0,t) = «a, u(L,t) = 3, and u(x,0) = g(z), is

B 08—« > Ant o (X
u(z,t) = a+ 7% + Z bpe sm(T), (7.78)

n=1

where b,, is given in (7.77).

Example: Find the solution of

0<x<b,

40%u = dyu, for {O<t,

where u(0,t) = 3, u(5,t) = 2, and u(z,0) = 0.

Answer: In this problem D =4, L =5, a = 3, and 8 = 2. So, from
(7.77),

by, = ?/05 (— 3+ g) sin(?)dm = —%[3 —2(-1)"].

Therefore, from (7.78), the solution of the diffusion problem is

=30 23— 21N sin (M),

n=1

u(x,t) =

U‘\H

where \,, = —4(%)2. [ |

7.6.4 = Wave Equation

The method works, without change, on the wave equation. The only
complication is, as it usually is with the wave equation, differentiability.
To explain, if the boundary conditions are u(0,t) = « and u(L,t) = S,
and the initial conditions are u(z,0) = g(x) and w(x,0) = h(z), then it
is required that

and
g(L)=6, WL)=0, ¢"(L)=0.

These are called compatibility conditions. If they are satisfied, and ¢”(x)
and h/(x) are continuous, then the solution has the differentiability re-
quited to satisfy the wave equation.
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Exercises

1. You are to find the solution of the diffusion equation 4u,, = u; for the
given boundary and initial conditions. Assume that L = 1.
a) u(0,t) =1, u(l,t) = —1, and u(x,0) = 0.
b) u(0,t) =2, u(1,t) = =5, and u(z,0) = 2.
c) u(0,t) = —4, u(l,t) =1, and u(z,0) = x.

2. Find the steady state solution of the following problems.

a) Uzy = U, for 0 < z < 2, with the boundary conditions u(0,t) = 1
and ug(2,t) = —1.

b) 4uz, = uy, for 0 < x < 4, with the boundary conditions u,(0,t) = 2
and u(4,t) = 1.

c) (1 +t)ugy = w, for 0 < z < 1, with the boundary conditions
u(0,t) = —1 and u(1,t) = 2.

d) ugz = w+u, for 0 < x < 3, with the boundary conditions u(0,¢) = 1
and u(3,t) = 2.

€) Upy—Uy = ug, for 0 < z < 2, with the boundary conditions u(0,t) =
—1 and u(2,t) = 1.

3. Solve
@ _Ou ¢ 0<z<2,
022~ ot’ Ol 0<t,
where u(0,t) =1, ugy(2,t) = —1, and u(x,0) = 0.
4. Solve
2 O<z< 17
(14 t)0;u = dwu, for { 0<t,

where u(0,t) = —1, u(1,¢) = 2, and u(z,0) = 0.
5. Solve
Pu  0%u { O<x<l,
for

a2~ o2’ 0<t,

where u(0,t) = 1, u(1,t) = —1, u(z,0) = 1 — 2z — 7sin(37z), and
ut(x,0) = 0.

7.7 = Inhomogeneous PDEs

It is common in applications to have a PDE that is not homogeneous. To
explain how to solve such a problem, suppose the PDE is

Pu  Ou

D@ = E—i—p(az,t), for {

0<zx <L,

0o (7.79)



7.7. Inhomogeneous PDEs 223

where p(x,t) is a given smooth function of x and t. It is assumed the
boundary conditions are homogeneous, and so,

w(0,t) =0, (7.80)

and

w(L,t) = 0. (7.81)

Sine Series Expansions

The general solution when p = 0, which is given in (7.23), consists of
the superposition of functions containing sin(nmz/L). The solution for
nonzero p can also be expanded in this way. Specifically, we can write

u(x,t) = an(t) sin(?), for 0 <z <L, (7.82)
n=1

where the wy(t)’s are determined from the PDE. The expansion in (7.82)
is guaranteed from the Sine Convergence Theorem (page 204) because v is
a smooth function and it satisfies the homogeneous boundary conditions
(7.80) and (7.81).

We will also expand the forcing function p is a sine series, and write

> . /nTT
p(x,t) = ;pn(t) sm<T>, for 0 <z <L, (7.83)
where
(t)—Q/L (2. 1)sin ("7 d (7.84)
Pn =7 ; plx,t)s I Z. .

Because p(z,t) is known, the p,(t)’s are known. Note that it is not
assumed that p = 0 at the endpoints, which is why the interval in (7.83)
isO<zx<Landnot 0 <z <L.

Solving the PDE
Assuming the series for u can be differentiated term-by-term, we get that

Uy = — i (%)211)”@) sin(nLﬂ> and wuy = iw;(zﬁ) sin(%).

Introducing these into (7.79), as well as using (7.83), we have that

i [D (%)2%(0 +wp,(t) + pn(t)] sin(?) = 0. (7.85)

n=1
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For this to hold, the term in the square bracket must be zero. The proof
of this uses the integration formula (7.30), in exactly the same way it was
used to find the coefficients of the sine series. The conclusion is that

nm\ 2
D(F) wnlt) +w),(t) + palt) = 0,
or equivalently,

Wy, + KpWn = —Pn, (7.86)

2
o).

This is a first-order linear differential equation for w,,, which can be solved
using an integrating factor. The integrating factor in this case is, from
(2.18), u = efnt. So, from (2.21), we get the general solution of (7.86) is

where

wy(t) = et [ - /Ot pn(s)e*ds + wn(O)] . (7.87)

Satisfying the Initial Condition

To solve the problem it remains to satisfy the initial condition
u(z,0) = g(z), for 0 <z < L. (7.88)

From (7.25), and since b, = wy,(0), it is required that
9 L
wp(0) = L/o g(x) sin(?)dx.

7.7.1 « Summary

To summarize our findings, the solution of the inhomogeneous diffusion
problem (7.79)-(7.81), which satisfies the initial condition (7.88), is

(i, t) = iwn(t) sm(?), (7.89)
n=1

where wu(®) = &=t [ _ /0 pn(s)ernsds + wn(O)] : (7.90)

Lp(:r,t) Sin(g)dw, (7.91)

and k, = D(nm/L)?.
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Example

Suppose the problem to solve is

O*u  Ou . . 0<z<l1,
4@ =75 + 3sin(2¢) sin(rz), for { 0<t, (7.92)
where
u(0,1) = 0, 7.93
u(1,t) = 0, 7.94)
and
u(z,0) =0, for 0 <z <1. (7.95)

In this problem, D = 4 and L = 1. The first step is to find the p,’s. From
(7.91), we want

3sin(2t) sin(mz) = Z pn(t) sin(nmz).
n=1

So, p1(t) = 3sin2t and all the other p,’s are zero. Also, since g(x) = 0
then w,(0) = 0, for all n This leaves the integral in (7.90), and so

t t
/ pi(s)eids = / 3sin(2s)e*ds
0 0

2 + ket sin(2t) — 2eM1t cos(2t)

=3
m%+4

Since k1 = 472, then

3

wilh) = 50200

[cos(2t) — 21 sin(2t) — 674#27&} .
Therefore, the solution of the diffusion problem is

u(x,t) = [008(225) — 272 sin(2t) — e‘47r2t} sin(rz). W

__3
2(1 + 47%)

7.7.2 =« A Very Useful Observation

As you might have noticed, the problem was solved without using separa-
tion of variables. Instead we assumed that the solution can be expanded
in a sine series, as expressed in (7.82). For this to work it is essential that
the functions sin(nmx /L) satisfy the boundary conditions, which they do
for this problem. By using this sine series expansion, the problem reduces
to solving a relatively simple ODE for the coefficients of the series. This
approach can be used on other PDEs and examples of how this is done
are given in Exercises 3 and 4. In fact, this idea is the basis for what is
called the Galerkin method for computing the solution of a PDE.
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Exercises

1. You are to find the solution of the diffusion equation (7.79), where
u(0,t) =0, u(1,t) =0, u(z,0) = 0, and p(z,t) is given below. Assume
that D =4 and L = 1.

a) p(x,t) = —4cos(t) sin(bmx).

b) p(a;,t) =e?

c) p(x,t) = 1.

2. There is a simpler way to solve an inhomogeneous PDE when the
forcing function does not dependent on ¢. In this problem assume that
p(x,t) = 2.

a) Find the steady state solution of (7.79), that satisfies (7.80) and
(7.81).

b) Letting u(x,t) = w(z) + v(z,t), where w(z) is the steady state
solution you found in part (a), find the PDE and boundary condi-
tions satisfied by v(z,t). Also, if u(x,0) = g(z), then what is the
resulting initial condition for v(z,t)?

tsin(3rx).

¢) Assuming g(z) = 0, find v(z,t), and from this determine the solu-
tion of the original diffusion problem.

3. This exercise considers how to use a sine series to solve

@ = @—l—5u for
o2 Ot ’

0<ax<2,
0<t,

where u(0,t) = 0, u(2,t) = 0, and u(z,0) = z. This is going to be
done using the assumption in (7.82), which for this problem is

oo
nw
)= w(t 'C—J,f 0<z<2.
u(x,t) nZIwn()sm 5 or x

a) Assuming u(z,t) is smooth, explain why the Sine Series Conver-
gence Theorem guarantees that the above series converges to u(z, t).

b) Substitute the series into the PDE and rewrite the result so it re-
sembles (7.85). From this determine the differential equation w,(t)
satisfies.

c¢) Find the general solution for wy(t), and from this write down the
general solution for u(x,t).

d) Use the general solution to satisfy the initial condition, and from
this determine the solution of the problem.

4. Solve

%u  Ou ¢ {O<x<3,

(4052 = 3 0<t,



7.8. Laplace’s Equation 227

where u(0,t) =0, u(3,t) = 0, and u(x,0) = 1. Find the solution using
the procedure outlined in Exercise 3 (with the appropriate modifica-
tions).

7.8 « Laplace’s Equation
We are going to consider how to solve the equation
Viu =0, (7.96)

where V2 is called the Laplacian, or the Laplacian operator. The
formula for V2 depends on the coordinate system you are using. In the
case of Cartesian coordinates,

9* ok
2_ - 4 2
V= Ox? + oy?’
in which case (7.96) is simply
Uy + thyy = 0. (7.97)

Later we will consider polar coordinates, and the respective formula for
V2 will be given at that time.

It should not be a surprise that (7.96) is known as Laplace’s equa-
tion. It plays a fundamental role in applied mathematics. If you look
through a junior or senior level textbook in complex variables, fluid dy-
namics, electromagnetism, heat transfer, etc, it will appear often. As
an example, heat conduction is governed by the diffusion equation u; =
DV?u. So, if you want to determine the steady-state temperature distri-
bution, then you must solve (7.96).

Our goal is to find the function u(z, y) that satisfies Laplace’s equation
for (z,y) in a region, as illustrated in Figure 7.10, along with a boundary
condition v = f on the boundary of the region. To keep things simple we
will only consider simple shapes, and that means rectangular and circular.
In both cases, the method of separation of variables is used to find the
solution.

Figure 7.10. The solution u(z,y) is to satisfy Laplace’s equation in a given
region in the x,y-plane, and also satisfy uw = f on the boundary of the region.
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The symbol V? appearing in Laplace’s equation comes from vector
calculus. Namely, using the gradient V and the dot product, one writes

VZ=V.V.
In Cartesian coordinates the gradient is V = (%, 8%)7 and from this you
2 2
get that V? = % + %. This can also be used to derive the formula for

V2 is other coordinate systems, such as polar coordinates.

7.8.1 = Rectangular Domain

The problem to solve is

0<z<a,

Ugg + Uyy = 0, for {0<y<b,

(7.98)
where the boundary conditions are shown in Figure 7.11. So, © = 0 when
x = 0, when x = a, and when y = 0. Along the top, where y = b,
u= f(x).

The steps used in carrying out the separation of variables method
are very similar to what was done earlier. We will first find the general
solution of the PDE that satisfies the homogeneous boundary conditions.
We will then use that solution to satisfy the inhomogeneous boundary
condition (which is on the upper side of the rectangle).

Separation of Variables Assumption

Assuming
u(z,y) = X (2)Y (y), (7.99)

and then substituting this into Laplace’s equation gives us

X"x) _ _Y"(y)

— . 7.100
X(@) ~ Y() (7.100)
y A
; u= f(z)
u=0 Vu=0 u=0
>
u=0 a T

Figure 7.11. Rectangular domain used when solving Laplace’s equation and
the corresponding boundary conditions.
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Since the left-hand-side is only a function of x, and the right-hand-side is
only a function of y, we can conclude that there is a constant A so that

X'"(x) = XX (x), (7.101)

and
Y (y) = =AY (y). (7.102)

As explained earlier, the separated solution (7.99) is required to satisfy
the homogeneous boundary conditions shown in Figure 7.11.

Finding X (z) and \

The equation to solve is
X"(x) =X (). (7.103)
Since u = 0 when & = 0 and x = a, then it is required that
X(0)=0 and X(a)=0. (7.104)

This is essentially the same problem we had when solving the diffusion
and wave equations, and the general solution is

Xn(z) = sin(@>, (7.105)
a
and
2
An = —(T) : (7.106)
a
forn=1, 2,3, .... Also, ¢, is an arbitrary constant.
Finding Y (y)

From (7.102), we now need to solve
Y (y) = -AY(y),
where Y (0) = 0. The general solution of this ODE is
Yy, = Ape™™/ 4 Bpe /e,
To have Y,,(0) = 0 we need B, = —A,,. Consequently,

Y, = A, (emry/a - 6—n7ry/a)
= 2A,sinh(nmy/a). (7.107)
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The General Solution

The resulting general solution, that satisfies the PDE and homogeneous
boundary conditions, is, therefore,

u(z,y) = Xn(2)Ya(y),
n=1
or equivalently

u(z,y) = i cwinh(?) sin(?), (7.108)
n=1

where the ¢,,’s are arbitrary constants. In writing this down, the constant
24, in (7.107) has been absorbed into the ¢, in (7.105).

Satisfying the Inhomogeneous Boundary Condition

To have u(z,b) = f(z), we need

icwinh(rbzb) sin(%) = f(x). (7.109)
n=1

This can be written as
o0
> basin(20) = f(a),
n=1

where b, = ¢,sinh(nmb/a). According to the Sine Convergence Theorem
(page 204), the b,’s that satisfy the above equation are

by, = z/oa f(z) sin(nf:x)dx.

From this we conclude that

n = a,sinh(2n7rb/a) /Oa f(z) sin(?)dm. (7.110)

With this value for ¢, u(z,y) given in (7.108) is the solution of the
problem.

Example 1: Find the solution of

0<x<l,

Ugg + Uyy = 0, for {0<y<1,

where u(z, 1) = 8sin(5rz) and u = 0 on the other three sides of the
square (see Figure 7.11).
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Answer: In this problem a = b = 1, and f(z) = 8sin(57x). From
(7.109), we need

o
8sin(brz) = Z cpsinh(nr) sin(nmz).
n=1
So, cssinh(57) = 8, and the other ¢,’s are zero. Therefore, the

solution is
sinh(5my)

u(@,y) = sinh(57)

The resulting solution is shown in Figure 7.12. N

sin(5mz).

Solution
o

0.4
0.6

0.8
X-axis

y-axis

Figure 7.12. Solution of Laplace’s equation derived in Example 1.

7.8.2 = Circular Domain

We now solve Laplace’s equation when the domain is the circular region
22 + y? < a?, as illustrated in Figure 7.13. It makes it easier in this
case to use polar coordinates and take z = rcosf, y = rsinf. Using the
standard change of coordinate formulas, one finds that

P 10 1
Cor2  ror  r2002°

Therefore, the problem we are solving is

0<r <a,

0<6<2rm (7.111)

1 1
Upr + Uy + —ugg =0, for
r T
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where the boundary condition is

ul,_, = f(0). (7.112)

As will be seen below, this problem is easily solved using separation of
variables.

Using polar coordinates makes solving the problem easier, but it re-
quires some comment. First, (7.111) is singular when r» = 0. This always
happens when using polar coordinates. To prevent the singular nature of
the equation from interfering with us solving the problem, it is assumed
that the solution is bounded. The second comment is that the positive
z-axis corresponds to # = 0 and to 6§ = 27. The solution u and its deriva-
tive up must be continuous in the circular domain, and this means we
must require that

ulg_g = gy, and upl,_o=uely_, - (7.113)

In the vernacular of the subject, these are called periodic boundary con-
ditions. Also, note that these boundary conditions are homogeneous be-
cause u = 0 satisfies both of them. Finally, if (7.113) hold then wu, is also
continuous in the domain.

Separation of Variables Assumption

Assuming
u= R(r)©(6), (7.114)

and then substituting this into Laplace’s equation (7.111) gives us

LRY0) | R) _00)
R) RO T

(7.115)

Since the left-hand-side is only a function of r, and the right-hand-side is
only a function of #, we can conclude that there is a constant A\ so that

r2R"(r) +rR'(r) = AR(r), (7.116)
yaA
o/ \u=f(0)
>
V2u =0 v

Figure 7.13. Circular domain and corresponding boundary condition.
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and
e"(0) = -x0(0). (7.117)

From (7.113) we also must have that
O(0) = ©(27) and ©’(0) = ©'(27). (7.118)

Finding ©(0) and \
As usual, the first problem to solve is the one involving the homogeneous

boundary conditions, which means solving (7.117) and (7.118).

A =0: In this case (7.117) is ©” = 0, and so © = A + Bf, where A and
B are constants. To satisfy (7.118) it must be that B = 0, and so
the solution is ©y = Aj.

A #0: Assuming © = ¢’ we get the characteristic equation r? = —\.
Skipping the two real roots case we take A > 0, giving us the general
solution

© = Acos(§V\) + Bsin(9vV\).

To satisfy (7.118) one finds that cos(2mv/A) = 1. This means that
2V \ = 27, 4,67, . ... In other words,

Ay =n?, for n=1,2,3,..., (7.119)

and
©, = A, cos(nf) + By, sin(nf). (7.120)
Finding R(r)

A =0: In this case (7.116) is 72R” +rR’ = 0. This is an Euler equation,
and how to solve it was explained in Section 3.11. One finds that
R = A+ Blnr, where A and B are constants. To have a bounded
solution we require B = 0, and this means the solution is Ry = Aj.

A=n?: Now (7.116) is
r?R" +rR' = n’R.

This is also an Euler equation, and the general solution is R, =
A,r™+ B,r~™. Because the solution is bounded we require B,, = 0.
The General Solution

The general solution of Laplace’s equation that is bounded and satisfies
(7.113) is

u=">_ Ru(r)O.(0),
n=0
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or equivalently

1 > . .
u= 54 + Z'r [an cos(nf) + by sin(nd)]. (7.121)

n=1

The coeflicients in this formula are written in a form similar to what was

used earlier for a sine and cosine series. So, for example, we have written
1 1

R()@O = A()AO = §a0.

Satisfying the Boundary Condition

To have u = f(#) when r = a, we need

%ag + Z a”[ay, cos(nb) + by, sin(nb)] = f(6). (7.122)

n=1

The a,’s and b,,’s are determined in the same way as for a sine and cosine
series. For example, to determine a7 you multiply the above equation by
cos(76), integrate for 0 < 6 < 2, and use orthogonality conditions such
as given in (7.30) and (7.39). The resulting formulas obtained in this way
are

1 2
an = —— ; f(0) cos(nb)de,
and
1 2m )
by, = o ), f(0) sin(nf)do.

Solution
o

0.5 -

y-axis

Figure 7.14. Solution of Laplace’s equation derived in Example 2.
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Example 2: Find the solution of

V2u=0, for 2>4+y*><1,

where u = 3sin(46) for 2% +y2 = 1.

Answer: In this problem a = 1 and f(6) = 3sin(40). From (7.122),
we need

1 o
3sin(460) = 590 + Z [(an, cos(nd) + by, sin(nd)].
n=1
So, by = 3, and the other coefficients are zero. Therefore, the solu-
tion is
u = 3rt sin(46).

The resulting solution is shown in Figure 7.14. W

Exercises

1.

You are to find the solution of the problem shown in Figure 7.11.
Assume that ¢ = 1 and b = 2. Note that you should be able to answer
this question without using integration.
a) f(x) = 5sin(27z)
b) f(x) = —3sin(127z)
c) f(z) = sin(rx) — 7sin(87z)
d) f(x) = —=3sin(4nrz) — sin(77zx) + 6 sin(207x)
You are to find the solution of the problem shown in Figure 7.13.
Assume that a = 2. Note that you should be able to answer this
question without using integration.
a) f(0) =4cos(36)
b) f(0) =1 — 3sin(150)
c) f(0) =sin(f) + 3cos(50)
d) f(0) =4 — 2sin(50) — 4sin(960) + 8 cos(140)
The problem concerns solving the problem shown in Figure 7.15.
a) Write down the differential equation and boundary conditions for

this problem.

b) Find the general solution. This should satisfy Laplace’s equation as
well as the homogeneous boundary conditions.

c¢) Use the inhomogeneous boundary condition to find the formula for
the coefficient in your general solution.

d) If g(y) = 7sin(37y), then what is the solution?
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y A
u=0
2
u=0 Viu =0 u=g(y)
u=10 1 T

Figure 7.15. Problem solved in Fxercise 3.

e) If g(y) = —2sin(27wy) + 8sin(7my), then what is the solution?

4. The problem concerns solving the problem in the quarter circle shown
in Figure 7.16.

a) In polar coordinates, write down the differential equation and bound-
ary conditions for this problem.

b) Find the general solution. This should satisfy Laplace’s equation
as well as the homogeneous boundary conditions. It should not be
required to satisfy the conditions in (7.113), as those only apply
when you have a domain with 0 < 0 < 27.

c) If f(#) = —3sin(46), then what is the solution?

d) If f(#) = 9sin(26) — 5sin(140), then what is the solution?

5. Setting A = —k?, where £ > 0, what is the general solution of (7.117)?

Show that to satisfy the boundary conditions (7.118) that the solution
is identically zero.

6. Suppose that instead of using 0 < 0 < 27, one were to use —7w < 0 < 7.
How are the periodic boundary conditions (7.113) changed?

S

Figure 7.16. Problem solved in Fxercise 4.



Appendix A
Matrix Algebra: Summary

The following is a brief summary of the rules of matrix and vector algebra

in two dimensions.

A.1 - Addition: x+y and A +B

General:
x u\  [(x+u a b e f\_[(at+te b+ f
y+v_y+v cd+gh_c+gd+h
Examples:
1\, [-3\ (-2 1 -2 1 0y (2 -2
L)) -(5) () 9= 7)
A.2 . Scalar Multiplication: ax and A

Scalar means a number (real or complex).

General:
AN _ (aa a b\ [a b _ (aa ab
ay_ya_ab “Ne d) " \e a)* \ac ad
Examples:
4 1 0y (-4 0
-2 3) \8 -—12

()= 5

237
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A.3 - Equality: x=y and A =B

General:
<x> = (u) means that t =u, y =v
Y v

a b\ (e f _ _ _ _
(c d>_<g h) means that a =e, b= f,c=¢g,d=h

Examples: note that I is defined on page 89

<Z> =0 means that a=0,b=0

(CCL 2)21 means that a =1,0=0,c=0,d=1

(¢ ()= ()
()6 =(5)
()0 -6) =) -()=()

£ - ()
il (3) 7o) = (3)ro
Ly ()

General:

Examples:

Examples:
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3c)r=1/3,¢=3
d)r=1,¢c=—
3e)r=-2/5,c=—-T7
M) r=—-4,¢c=

3a)r=-2,c=1

Answers
Chapter 1
Section 1.2, pg 4
2a) r = —2 2g) none
2b) r=1/3 2h) r=0
2¢) none 2i) none
2d) r=0,—-4 2j) none
%) r = —3,1/2
2ty r =2 3b)r=-1,c=-1
Chapter 2

Section 2.1, pg 12
la) y = (9t +¢)"/3 and y = 0

1b)y=+(2et+c) /2, andy =0

lc) y = —1/(cost +¢), and y =0

1d) y =3+ +/t?3/2+¢

le) y = ln(%t2 +2t+¢)
1) y = ln[3 In(t+1) + ¢
1g) y = —; In(2e*" +¢)

1h) y = 1 5 In[tIn(2) + ¢

1)y = (e, y =~
1j)y=-2—-1/(t+c¢) and y = -2
1k)y=3-2/(t+c¢)and y =3
11) y = tan(t/3 + ¢)

1m) y = Inftanh(t?/2 + ¢)], y = 0
In) y = In(ce’ — 1)

(t)=(1+In(4+¢e)

239

—In(5))""

2) y (1) = In (1/2 2222

2f) y (t) = -2+ A+ 21

2g) y (t) = 2 arctan (1 4+ t)

2h) y (t) =5 (1+4€) "
)

)=1In(e?'+e?—1)+t

)=1In (t/2+1/2\/t2 4)

(r)=— \/W
=—2+4¢7/3

(x)=6 (2+e31)71

(r)=6 (1+6In((1+e)/2)""
7)=1/2In(1/87*+1)

) =2 (0+1)°

):—1+\/W

4a) lnl+y):t+1fln2

b) 15t =9°> +5y+6

c)y+In(l+y)=t+5+In(6)

dd)p—eP=r+2—-e?

5¢) y = acosh(%) 4+ h — acosh (%)
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Section 2.2, pg 18

1a) y(t) =ce 3t 2f) y = —(2/3)e=t*/6 fot es*/6ds
1b) y (t) = —t/2 — 1/4 + e?tc 3a) q(z) =2 —3e 2%
1c)y(t):—2t—14+et/4c 3b) p(z) = -2z + 3 e;z
1d) y(t) = ‘23;; 1 t;f)jc 3c) w (1) = e?™ —e7/?
le) y (1) = 2SR 34) z () = —7/4 — 5 + %5
1f) y (t) = 75 t 3e) h(z) = ==l
lg)y = —%—f—e?’t fo Vse 33 ds+cedt 3f) h(z) = gzﬁ
2
lh) Y= e—t/2<2 N sle+/ ds + C> j}i)) :’pr = ;fe’iggby— CeQCteit
- p = »Yh =
2a) y (t) = 4+33e i 4e) yp = =3+ 1/13e2t,y;, = cel/7
2b) y (t) = 6t — S + B¢ il
2 2 4d) yp = [y e" " ds,yn = ce
2) y (t) =2e7 /5 . 5a) —2
2d) y(t) = —e P+ 4 —2e>2
26) y(t) — —t+10 5b) -1 1
5+t 7b) w (t) = \/ﬁ
Section 2.3, pg 28
lo) piissy days 8d) 792 4 968¢~20/11
2d) either 40 or 39 BC 8e) —22fps
3c) 50 ln(lO) min 9¢) m/c — cL/A
4¢) 5(1—e %) g 1la) P = (4+zf\/8z+22),z:e’”
5b) 10%(1 — ") ke 12a) P = 250§ e
6c) 3240001 _ (7) ]lb 13d) 5 5 In( 64/39 min
Ta) v = —20 + 1202 m/s 14c¢) k = (41/4 21/4) /5
7¢) 40(5 — In6) m 15b) 1201n(42/37) min
8a) v = —(176/c)(1 — e~2¢/11) fps . ln3f/§§
n(31/28)
15¢) 120502/%
Section 2.4, pg 39
us=unstable; as=asymptotically stable
la) 2e) y=—1In2, as
) 2f) y = =2, as; y = 2, us
1c) as 2¢) y =0, as; y =In3, us
1d) u 2j))y=0,as;y=-2as;y = —1,
)yflusyf -2, as us
2b) y=—1, us; y = 3, as 2i)) y=0, us; y =1, as
)y—:l:l,us,y—O,as 2j) y = —2, us; y = 3, as
d) y ==42, as; y =0, us 10¢) 750
Chapter 3
Section 3.5, pg 52
1) 7.1 1e) 3(v3 - )%, 1(v3 + 1)e?
1b) — 1f) —el2,0
lc) e 2 1e? 3a) y(t) =cre 2t + el
ld) 1+262\[ 1+26 3b)y(t)=61 e_2t+Cget/2
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3c)y(t)=rcs +coe 3t 4d) y (t) =4 —5et/d
3d) y (t) = c; e /2 + cpet/? 4e) y = 3exp(—(1/3)/3t)
3e) y =c1 + cot 4f) y = bexp(—(1/2)t)
) y(t) =cre3t +coe3lt dg) y(t) = —e~t — et
3g) y(t) = cre V2 4 che /2t 4h) y (t) = —1/3 sin (3t) — cos (3t)
3h) y = ¢z sin (t/2) + ¢z cos (t/2) 4i) y = —e~tsin (2¢) — et cos (21)
3i) y (t) = ¢y et sin () + cz €' cos (¢) 4j) y = 2t/ cos (t/3)
3j)y_e_ (cysin (2¢)+cz cos (21)) 6a) (1+1)°
4a) y (t) = 1/3t62t+1/3€_t 6b) cos (t2—|—6t)
4b) y (t) = —8ez —2e™ % 6c) t +2
de) y(t) = —4/3+1/3e7% 8b) 4, 4, 0
Section 3.8, pg 61
1a) y (t) = —ef
) —n2 sin(7t)—37 cos(wt)+2 sin(nt)
4+57r2+4
1c) y(t) = —5t2 — 8t —
1d) y (t) __3 sm(2 t) 15 cl%sl(Q t) + 1/6 et
le) y(t) = 448’ + 30t2 — 178t + 535
f) y (t) 4 co:;(2 t)  33sin(2t) 4
g) y(t) = (5t~ 2)¢'/5
1h) y(t) = (3t —1) cos(3t) /3 — (5t +2)sin(3t) /5
1) y(t) =t>+4/5t + 12
1j) y(t) = 1/10+3/13e
1k) y (t) = —t2 — 3 — 3/4t4+4/3t
1) y(t) = —e* + 22—
1I1’1) (t) e4t COa(t)t
In) y(t) = — 13 co%t;;?) +321n(s12r3;(§t+7)
lo) y(t) =5+
1p) y(t) = —2sin(2¢t) — 1/4 cos (2t)
2a) y (t) = e3tcy +e72lc; —ef
2 s .
2b) y=cre —2t T coe —t + —7 51n(wt);43:5c;§$ri)+2 sin(7t)
2¢) y(t) = etco +e 2tcy — 5t2 — 8t — 42
2d) y (t) = : +5ese; + ¢ — 35;5(22” - 15%5;2:5)
2) y(t) =e t/302+e — 413 4+ 302 — 178t + 535
2f) y (t) = e ey + et/Qc +4 COS(Qt) 33 i11n7(2t) —4
2g) y (1) = (2 t) co + cos (2t) ¢p + P22
2h) y (1) = by egebt 4 B l)coa(3t) _ Gre2)sintzy)
2i) y (t) = sin (2t)e Co —|—cos(2t)e ey +t2 —|—4/5t—|—
2)) y(t) =etsin(3t) co +e tcos(3t) c; +1/10 +3/13et

2k) y(t) =1/3e3tc; +co — 12 — 13 —

3/4t* +4/3t

e*t cog(t)t
2

te 15 cos(t+7) + 21 sin(¢+7)

37
3 sm(2t)

21) y (1) = etep +e/3te; —ef + 3

2m) y (t) = e sin(t) co + e* cos(t) ¢ —

2n) y (t) = e° 02 +e le; — %7

20) y (t) = e %c; + 5+ e_tc + C°§(2t)

2p) y(t) =e t/401 +co —2 s1n(2t) —1/4 cos (2t)
3a) y(t) = —e 2t +4et — 6t —3
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3b) y(t) = —1 + 2cos(2t) + 2t*
3c) y(t) = —e' — sin(t) + cos(t) + 1
e % | 3 4
3d) y(t) = —ez + %Qt— t+3
3e) y(t) :764 —e” tJtreT
M) y(t)=ez2+(1—t)e 2 —1
3g) y(t) = sin(3t) + cos(3t) + cos(3t) ¢
3h) y(t) = e~ tsin(2t) + et cos(2t) + et
3i) y(t) = 2e? sin(%) — 2sin(t) — cos(t)
5a) y (t) = —2/5et +ebtc
5b) () — =23t 4 ST sntr)
5¢) y(t) =2/3t—2/9+e 3¢
5d) y(t) = =3t — 15— 1/6et +e'/¢c
5e) y(t) = — cos(2t) t — 2982 _ 9gin(2¢) ¢ — 382 4 ot
5f) y(t) = —2tet — 72674 — 3 +e%c
5g) y(t) = —1/10e "t cos (t) + 3/10 sin (t) e~ +e~2/3%¢
5h) y (t) = —1/4 cos (2t +5) + 1/4 sin (2t + 5) +e*tc

Section 3.9, pg 65
la) y, = —2e7 2" + 2e!/2 — 5e 21t
1b) yp = 34 (—3 cos (t) + 3 sin (¢)) e’

lc) y, = —e~2¢ f;ln (1+s)e?sds +ef fgln (1+s)e*ds

1d) y, = 3t + 2= — e_3t£te3ss%([s —1+4e3

le) yp = —2In(t +1) +e'/? [12¢" ds

1f) y, = fe’%i;t sin(s? 4+ 1) e2ds + e?ﬁt sin(s? + 1) e 2ds
ei o2t

2a) y(t) = 1 + S5+ yp

2b) y(t) = —e'sin(t) + e’ cos(t) + yp
—2t 2 t

20) y(t) = e3 +Te+yp

2d) y(t) = 1+yp

2e) y(t) = 1t—|— Yp

20) y(t) = S5 + S5 + v

3a) 2t (—t+e —1)

3b) 1/2 (t—1)e*" +1/2+1t/2

3c) 45/

4b) 1/2 sin (t) Vt

Section 3.10, pg 76

la) wo =3, R=+2,p0=1/4 de) 1

1) wo=m,R=2,0=—-7/6 5b) :% 3COS(2\/§75*%T)

le) wo=1,R=2/V3,0=21/3 5f) v/3m/18

1d) wo = 2, R = 4V2,¢ = —37/4 6b) u = 55v/2cos (10t — )

2a) R=2,0=m/2 6e) 5(2 4 /2); 37/40

2b) R=2,0 = —7/2 9b) u = —g5/I5e 2 sin(2v/15¢)

2¢) R=2v2,0=m/4 9d) 55 exp(—\/%(%“—Arctan(\/%)))

2d) R=2v2,p = —3n/4
2¢) R=2,p=—m/3

%) R =2, = 21/3

4b) u = % cos(8t — )

10d) u = v/2e7 3t cos(t — 7/4)
14b) u (t) = 3/4 sin (16¢) ¢

15b) u (t) — 5 Sin1(23t)t
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Section 3.11, pg 81
la) y (z )—czx + ¢ 2% In (x)
1b) y (x) = c1 23sin (In (7)) + co 22 cos (In (7))

1¢) y(z) = S + ¢z Vo

1d)y(m):cz \/551n(1/2\[1n( ))+c,@\/§cos(1/2\fln z))

le) y(z) = ¢; 2%sin (3 In (2)) + cp 22 cos(31n( )

f)y(z) =%+ 55 2b) y(z) = —1/42* —x+1/4 + 22

g) y(z) = cz In(x) + ¢ 2)y(z)=2-2z+ (z+1)In(z)

)) y((sc))—CQx e 2d) y (z) = 1/4x —3/2 ln( )+3/4

1i) y (x L+ cpax™t? o) v (z T — T —

23)%(33)::]0—33%—2#%9” 20) y (@) = (( 1) * 1)
Chapter 4

. 0 1 . 1 1

21) A[—c/a —b/a};“)al{ﬁ]’m{m]
a)a=1,b=2¢c=-3,r1=1,1r=-3; bja=40=0,c= ,rlzéi,
ro=—3i; ca=4b=3c=-1,r1=1/4,r,=-1 d)a=1b=4,c=0,
7’12077"2:—4

Section 4.3, pg 94
1 a) indep, b) dep, c¢) dep, d) indep

2a) 3, —2 2b) 5, —1 3a) 2+ 2 3b) —1+2i

Section 4.5, pg 101

c.le 3t 4+ ¢ 262t
la) 5 9
—1/3c1e 3t +1/2¢c 26!
[ 1et/2 4 ¢ 9t/2
1b) c.le c2e
—2¢1e M2 42 262
c.1+c.2ed
1lc) 5t
—2c.1+4+3c2e

1) [ —c_2e2t
c_1e?t 4 ¢c_2e2%t

c_1e2t
le)

c2e 2t
19 i 5e_lsin(3t) + be_2cos(3t) ]
c_1(—sin(3t) + 3 cos(3t)) + c_2(— cos(3t) — 3sin(3t))
1 [ 2c¢_1sin(4t) 4+ 10c_2cos(4t)
&) c_1(sin (4t) — cos (4t)) + 5c_2(cos (4t) + sin (4t))

c_1et?sin (t) + c_2 et/? cos (t)

1h) | c_1 (—2€"/?sin (t) + 4e'/? cos ()

+c.2 (—2e"?cos (t) — 4e'/?sin (1))
2c_1etsin(3t) 4+ 2c_2et cos(3t)

L) | c.1(etsin(3t) — COS (3t))

c-2(e* cos (3t) —|— e ' sin ( 3t
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2a){c1=18 c —%} Y{c.1 =9/4,c.2 ="T7/4},
{cl—— 2=17/5},d){c-1 =—1,c2=—4},e){cl =4,c.2 =—1},
Det=—-%,c2=2},9){cc1=3,c2=2} h){cl =T/4,c2=4},
i){c.1=3,c.2=2}
i c.le t4 ¢ 2e%t
4a) | —2clet+c2e*t—c et

| cletc2e?t e8!
[ c_1et+3c2e®t +2c 36t
4b) c.2e?t

c2e*t +c 3¢t
2c_let —c 2e 2t

4c) 3c_let
| Tcelet+4c2e 4 c et
c_let
4d) 2¢2eV5 4 2¢ 8e V5

—c3 (VB+1)e VB 4 c2eV® (V5 1)
5b) y1 =5+5e7 %,y = —5e % +5
Section 4.6, pg 109
4a) 142, b) 142, c) —2+4i,d) —2+4i

Section 4.7, pg 115
us=unstable; as=asymptotically stable; ns=neutrally stable
si=sink; so=source; ssi=spiral sink; sso=spiral source; sa=saddle; c=center

la) us, sa le) as, si 1i) ns, ¢ 3d) us, sso 5d) us
1b) as, si 1f) us, sso 3a) us, sa ) 5e) ns
1c) us, so g) as, ssi 3b) as, si 5b) as 5f) as
1d) us, so ) ns, ¢ 3c) as, ssi )
Section 4.8, pg 117
t
t e77\/§ sin| V3t
1b) f=e2 cos(%) S e 0 5 (2)

t _%\/5 in( Y3t
le)u=e 2 cos(%) y I RTE) S3 (%)

2e) u; = —sin(t) + sin(2t), ug = —2sin(t) — sin(2t)

Chapter 5
Section 5.1, pg 124
2a) (u,v) = (1/2,0),(1/3,1/4) 2f) (s,c) = (—1,1)
2b) (u,v) = (0,0), (717 1) 2g) (Iay) = (070)
) (uvv) = (1/4’4) 2h) (xa y) = (07 2)a (07 _1)a (270)
) ( 7P) = (17 1)7 (07 0)7 (270) 21) (CC, ) = (0,0), (07 )7 (1, 3)7 (47 0)
2e) (S,I) = (5,0),(1,2) 2j) (u,v) = (0,0)
Section 5.2, pg 135
a) (u,v) = (1,—1), us, sa
b) (u,v) = (0,0), us, sa
¢) (z,y) = (0,0), as, si; (z,y) = (2/3,4/9), us, sa
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1d) (Sa E) = (OaEO)a us, sa

le) (u,v) = (1/2,0), us, sa; (1/3,1/4), as, si

1f) (u,v) = (1/4,4), as, si

1g) (r,s) = (—2,-2), us, sa; (r,s) = (1, 1), as, ssi
1h) (x,y) = (0,0), id

1) (2,) = (0,1), us, 550

1j) (u,v) = (1,1), us, sso

1k) (z,y) = (0,0), us, sa; (x,y) = (¢/d,a/b), id

11) (S, P) = (0,0) us, sa; (S, P) = (2,0), us, sa; (S,P) = (1,1
1m) (S,I) = (1,0), as, si; (S,I) = (2,—1/2), us, sa
1n) (r,s) = (1,-3), as, si; (r,s) = (—1,—-2), us, sa
3a) (z,) = (,0%), us; (2,3) = (—a,—a%), as

3b) (z,y) = (a,cos(a)), us

4) a) B, b) C,¢c) A, d) D

7)b) N <b/a;c) N >b/a

Section 5.3, pg 146
la) H = v? + 3e?%/2 —

1b) H —v2/2+101n(1—|—5u )
1d) H = 50%/2 + Tu?/2 4 3u!?
1d) H =v?/2+4/3 (u* +1 )3/2
5) d) v/3/2; ¢) —1; £) 2v2 [, [(3 + u?)(1 — u?)]"/%du
6) d) vV2(1 —e);e) —=In(2 —e');
f) \/if_l 1n(2—e*1)[(1 _ 6_1)2 - (1 _ e—u)Z]—l/zdu

), as, ssi

7)e)d=—a, H="b?/2

—cu?/2 + auw

Chapter 6
Section 6.1, pg 157

Section 6.2, pg 160

la) 2/3 sin (3t)
b) te 1 + 5t

1c) 1/5e 1/5e 4t
1d) et cos (2t)

le) 1/4e?t +7/4e~2¢
)

f) 1/3e7t(6 cos (3t) — 5 sin(3¢))

5243
(52+9) (s2+1)

( 2+100)

1k) 2
1)
2a) 6 (52+9

—49
2b) 6 (562+49
)2 (2+1)3)
d) 10

[\
o

5+2
((s+2)2+25)

ZZ 0@k k+1
P

[\

Py ak/(5+k)

kr
k=10kZ2 52

OJOJC»J

a)
b)
)

C

1g) — cos(4t) + cos(3t)
1h) cosh(4t) — cosh(t)
1i) sin (2t) — sin (3t)
]-J) tet + t2672t + t3€3t
1k) sin(t) + sinh(t)

11) 7cos(t) — 3t
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1m) 2et —|— 1+e%
In) e?'—e~ (\/3 sin(\/gt) + cos(\/gt))
2a) 1 — cos(3t)

Section 6.3, pg 163
la) -1+ (s—4)Y
b)4+(2s+7)Y
le) Y +5Y +2s+1
) (s2+3s—2)Y +2s
le) (45 +2s)Y +8s5—2

Section 6.4, pg 168

2b) 1 — o1t (4¢ + 1)
2c) —2e! + 1+ e

2a) 1/2et —1/2 cos (t) —1/2 sin (t)
9b) 1/2¢sin (¢)
2¢) cost(sint — 2 cost) +1+e!

2d) —1/2 sin (t) + 1/2 sinh (¢)
e) 1/2t2 4 cos (t) — 1
f) —cos(t) + 1

la) 14 e 4/? 2b) —1 4 cos (2t) 4 212
b) —1/2e t 4 e /3 2¢) et —sin (t) + cos () — 2
c) 1/3e 2t —1/3¢! 2d) 1/2¢>
d) 2te3? 2e) 1—1/2e'cos(2t) —1/2e7?
1e) 4—5e'/® 3a) [iIn(1437)e 337 dr
i ¢
1f) =2 sin (1/2) — cos (/2) 3b) %fO\/mSin (3t—37)dr
) —e COS( ) 3 1 te—2t+27- 1 tot/2-7/2 d
1h) —3e 'sin(2t) c) — 5 Jo TR 5 Jo 14r 97T
2a) de _e—2t —6t—3 3d) 5 [ysin(1+72 ) _”‘T sin (2t — 27) dr
4a) foln 1—|—37') e 33T dr 4 e3¢
4b) cos (3t) + = fO\/1+7's1n(3t—37') dr
_ te— 2t+27‘ te t/2— 7‘/2
4c) 8/5e 2t+2/5et/2 t = =
4d) e tsin (2¢) + % fosm +T2)e_t+7 81n(2t—27') dr

Section 6.5, pg 171

—6s

la) & 2) H(t—1)— H(t—2) + H(t - 3)
1b) €= 2d) 2 —t+21* - 7/61°
IC) 3e725_4e7 %8 26) H(t — 5)t
1d) 39" 2f) H(t—6) (5 cos (t — 6) + sin (t — 6))
s 1 _ o5

le) 1—e”* da) 1o=== (S 't T)

— _eTtste=i—1
1f) &5 1) (I—e9)s?

—2s —s

1f) LetemtazgYoe 1) e
2a) H(t — 3)e3~t cos (—9 + 31) 5¢) (eil)s
2b) —1/2 H(t—2) (t—2) (t — 4)
Ga) 1+ H (t— 1)+ H(t—2)+ H(t—3)+ H(t —4) + -
6b) 1—H(t—2)+H({t—4)— H(t—6)+ H(t—8)+---
6¢) 1~ 1/2 H(t — 1) +3/8 H(t —2) — 2HU=8) | 3H(=a)

6d) 1+1/2—1/1642 + & — 34 ...
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Section 6.6, pg 175

la) —(s—5)"", Re(s) > 5 2b) 2=2¢-
b) 85‘3 Re(s) > 0 %) ~(3st1)e”* (s t1)e”
1(:') 2+167 Re( ) >0 2d) 028 s
1 s
1d) (it2)2, Re(S) > =2 26) 1_53;4157\'
23,) 852 2f) 47457&

Section 6.7, pg 181
la) e™*' +3/4 H(t — 1) (1 — e 1t+)

) ( 1_|_et/2 2) H(4—t) t/272
)2H(t—3)e T3 —et
d) —1/2H(t—-2)+1/2(1—H2—t))e*t Sttt (H(1 —1t)—1)
e) 1/10 H(t —5) (=5 + 3e72110 4 2¢31715)
1f) 3/2 H(t — 4) (sin (t — 4))*> — 3/2 H(t — 2) (sin (t — 2))°
g) 3/4H(t—1)(-1+e*""4)
1h) =2 H(t —2)sin (t — 2) + H(t — 3)sin (¢t — 3)
2) Q(t) = —5H(t — 2) e 5025 4+ 950 e 30 + 50
3) b) P =100e* —500e* 2 (H(t—1)+e 2H(t—2)+e *H(t—3)+--)
4)b) v =35H(t —10)e"it3 — 404+ 40e ¥,
¢) & = 1160 — 40t — 160 e~ % + 140H (t — 10) (1 — e~ 13)
5)b) T = —200H (t — 120) (1 — e~*(¢=120) 4 200H (¢t — 180) (1 — e k(t—-180)) —

280 ekt + 350, c) about 230 minutes

Section 6.8, pg 186

lget 2 f2/5e2! 2d) [ —2el cos(t) + e’ sin(t) +t + 2 ]
13) —6/56_3t+1/562t (& Sln( )—|—3e COS( )—4t—3

s 6
7/4et/? 4 9/4e /2 3a) ot—
1b) SO 541
7/2e'2 —9/2e7t/? s 1/4
[ 5/2e%t +3/2e! 3b) ﬁ [ ]
le) 2t at 1L s
| —5/2e*" +3/2e s—2 0
1d) % +7/5 edt 3(3) 4(5712)2 [ _1 s—9 ‘|
@Jr 215t
L 5 5 L s—1 -4
| Wes |
e _
| ot a4 dc)y1 =5+5e %,y = —5e % +5
1) —5e'sin(2t) 4 4e’ cos (2t) 5c) g1 = —118e e 72e_% + 200,
—elcos (2t) — 8elsin (2t) Yo = —236e" 10 +,36e” % + 200
T t 5 == 8 _57t 2 _% =
2a) 232 3 4e_cé%:4e_1tﬁe TR
de? | 8e7t - , :
S e Gc) uy = S5 4 20,
2b) 62 :| Uy = 2s1§1(t) o smé2t)
I o VBt
e2t72t71 7d)u:efécos(@)+%
2c) et — ety — ¢ —1
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Chapter 7

Section 7.2, pg 194

la) u () = =t
—3x 3z
1b) u (@) = ayesr
e” sin(2x)
le) u(z) = — s
1d) u(z) = =20 s
le) u(z) = —2e % + 22 — 2v +2e7 !
1f) u(z) = % — sin(4x)
3a) up = by sin[%(2n — 1)z|, with A, = —[3(2n —1)]?
3b) ug = by, with A\g = 0; and u,, = b, cos(”[w) with A\, = —(%)2

u=be” M/25111(7rx/4) with A = £4/4 7r/2

3c)
3d) u, = bpe”
3e)

Tsin(nmx), with A, =1+ (mr)

e) ug = by, Ao = 0; u,, = a, sin(27nz) + by, cos(2mnzx), with \,, = 4r2n?

Section 7.3, pg 200

la) —de ™ tgin (57 )
1b) 63637t sin (11 7 2)

lc) e -37% gip (1) +8e” 4872t i (47rgg) — 10e_147”2tsin(777x)

~2T7%tgin (37 z) —|—7e*1927r tsin (87 x) +2e 67" sin (157 2)

n(=14(=D)™)e "™ sin(1/2 nwa)

7w (n2—4)

1d) —e
le) 22 tsin (37 x) + 2737 L sin (7 )
(=1+(=1D)™)e 7"2”2tsm(1/2nﬂ'm)

2a -2

) g (C1H2 (D" )e?”g"2tsin(1/2n7r:v)
2b) Zn 1 nm

e " 'sin(1/27x

9¢) —4/3 < sn/2ma) | g0
20) Y22, (2e2nm) g L) oo ”2tsin(1/2n7rx)
26) E ( 4(— 1)n+72l7$0q(1/6n7r) +2$) e_nzﬂ_zt sin(1/2n7rx)

3 Z 30( 1)"e —n?n? tsin(1/3n7x)

4; e (2 cos(1/4n ) 712105(3/41;:))55/2"2"%sin(l/znm)

5a) > oo b,Le ntsin(kna), kn = m(2n —1)/2

5b) 300 be4knt cos(k x), ky =7(2n—1)/2

5¢) >0 b e‘k2 (/2 in(kyx), kn = nm

5d) 07 —kntte™ sin(kna), kn = nm

d) u= —246( kitte™ =1) gin(ksa) — 12e(~Fistte™" =D gin(ky52)

7a) (1+2)F" = AF, G’ — tG = \G
7b) r2R" + R = AR, ©" = —\O
7¢) (e*F') = M1+ 22)F, G' = \G
d) 2" +322' =\Z,Y" +9Y = \Y
)

e) (F'/F)2 =\, (G'/G)? = et — A

Section 7.4, pg 212

4&) Z 1 _4 (—=1)"sin(1/2nmx)
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nm ((—1)”92—1) sin(1/2nmx)

4b) ZT 12 ez

n sin 1/2n7r:c)
4c) 4 —————F—-
c) z:l 3

n
n odd
nﬂw)

1) i 4 sin (23

nm

4(=1)"+2 co’i( nr )-1—2) qln( z

(- =)
Af Zool(ﬁ( H"— 8cos(l/4n7r)+2 1 )sm(l/?nﬂf)

nm

2nm 005(1/2:27;) 45111(1/27171') +4 1 1’1(]./2717T£C)

0 <( 2(2(=1)" - mcos(w);zm(g))m(m))
2

n2m

Cos( n") 2c05( 3"”))31%%)

nm

(
N (-6<-1>n—zcosw>+6cos<%f> e >sm<ngw)

nm

6a) 1+ i 8cos(1/2nmx) /(n?m?)

=1

nnodd
—1)"e?—1)cos(1/2nm
6b) ~1/2+1/26% + ooz, 4 (G est/2ne)
6¢) cos( x)

Z 8cos (1/2nmx) /(n?n?)

n odd

6e) &+ 52, <_2“”’("2"2;°*("3)

) gy | Se(E) co{5?)
342y, ("“m("") 2 cos( % ) +2) cos( 252 )

n2m2

) 3y s ( <mm<w>+zcos<n;>z<n")cos(";w))

n2m2

6i) L +35°° (*23in("77)+2sin(3"’"))Cos(mzrm)
6) T+, ZelE)- 6sm(2“))cos(%)
8a) 1/3+Z _14M

9a) 3, —p (N sin(nma)

n=1 nm

Section 7.5, pg 218
1a) cos(127rt) sin(3mx)

1b) — 14 sin(32nt) sin(87x)

1c) —cos (4mt)sin (mx) + 4 cos (127 t)sin (37 x) — Sm(mw t) sin(5 7 z)

]_d) 5 coS (287Tt) sin (77T£E) + sln(SQﬂ'fé:n(Sﬂw) + 51n(487rt1)6:n(127rw)
le) cos (127t)sin (37 x) + cos (4w t)sin (rx) — M

1f) 3 cos (87Tt) sin (27_[_1_) _ sin(36 7w t) sin(9 7w x) + 3 sm(207rt) sin(5 7 x)
2a 1 (an cos(knt) + by, sin(k, t)zs sin(k,x), kn = (2n —1)m/2

) X
2b) 3071 (an cos(2knt) + by, sin(2knt)) cos(knx), kn = (2n —1)7/2



250

Appendix B. Answers

2¢) a+bt+ >0 (an cos(nmt) + by, sin(nmt)) (A, cos(2nmra
2d) e t/23°> (an cos(wnt) + by, sin(wyt)) sin(nrz)), w

3) Zoo 72( 1+(—=1)")sin(2nwt) sin(n 7 x)

n=1 nigd

Section 7.6, pg 222
la) 1—2z+ 3%, —2 A+(=D)™e=*"** sin(n w )

)n —4an2n2t

)+ By, sin(2nmz))
=V4dn2nm2 —1/2

(€ =2)/(e? —e)

b) 2_73:_’_220:1 _14( 1 — sin(n 7 x)
o e—4n?n?t sin(n 7 x)

) —4+5x+> "8 —

a)l—uz
2b) =7+ 2z

c) =1+ 3z

d) Ae® + Be™®, where A= (2—e73)/(e? —e73), B =
2¢) A+ Be®, where A= (1+¢€?)/(1—¢€?), B=2/(e* - 1)

4) 1432+ 00,2 (1+2 (1)) e " (2 gin (n7w) /(nm)
)

5)1—2x —7Tcos(97t)sin (37 x)

Section 7.7, pg 226
(4 ks cos(t)+4 sin(t)—4 ks e~ ks t) sin(5 7 x)

la) T , where k5 = 10072
7}» t kgt—2t in T
1b) — = H_e,; 5 )sin(3m2) , where k3 = 367>
—1+(-1)") 674"2“%—1 sin(n )
1C) E _1/2 ( nd73 )

—(5+1/4x 7L2)t

3d) Z (—1)"e (

sin(1/2n7x)

nTm

Section 7.8, pg 235
la) 5sinh(27y) sin(27x)/ sinh(47)
—3sinh(127y) sin(127z) / sinh(247)

1b)
1c) sinh(my) sin(ma)/ sinh(27) — 7 sinh(87y) sin(87x)/ sinh(16m)

—

d) _3 sinh(47y) sin(4nz)  sinh(77y) sin(7nx) 46 sinh(207y) sin(207x)

sinh(87) sinh(147) sinh(407)
2a) 173 cos(36)
2b) 1 —3(r/2)'5 sm(159)
c) (r/2) sin(0 ) +3(r/2)% 005(59))

2d) 4 — 2(r/2)°sin(50) — 4(r/2)° sin(90) + 8(r/2)'* cos(140)
3d) 7sinh(37x) sin(3my)/ sinh(37)
3e) —2 smh(Zﬂ'z) sin(2my)/ sinh(27) + 8sinh(77z) sin(7my)/ sinh(77)
4b) > " sin(2n0)
4c) 3(r/2) Sln(49)

4d) 9(r/2)?sin(26) — 5(r/2)1* sin(140)
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H(-), 169
W(y17y2)7 46
L(+), 155
o(t), 177
det(-), 90

Vv, 45, 89

I, 90

V2, 227
Im(-), 49
Re(+), 49

g, 23, 66, 75
i, 49

Abel’s formula, 46
acceleration, 2, 22, 43, 83,
190
advection equation, 189
Airy’s equation, 168
amplitude, 67
Archimedes’ principle, 30, 77
associated homogeneous
equation
first-order equation, 17
matrix equation, 18
second-order equation, 44,
54, 59
asymptotically stable, 35
linear system, 113
nonlinear system, 126, 127
autonomous equation, 35,
120

balance law, 190
bang-bang wave, 172
baseball, 31
beam equation, 6
Bernoulli equation, 19
Bessel equation, 66
Beverton-Holt model, 32
boundary conditions, 191
diffusion equation, 195

Index

periodic, 195, 232

wave equation, 214
boundary value problem, 190
Brownian motion, 190
buoyant force, 30
BVP, 190, 215

catenary, 13
center, 114
central force field, 149
characteristic equation, 47,
51, 190
eigenvalues, 90
compatibility conditions
wave equation, 221
complex conjugates, 94
complex number, 49
imaginary part, 49
real part, 49
convolution theorem, 162
cosine series, 208
convergence theorem, 208
differentiability, 211
critical point, 39

damped
critically damped, 78
over-damped, 78
damped wave equation, 219
damping
critically damped, 70
over-damped, 70
under-damped, 71
weakly damped, 72, 74
damping constant, 70
Dead Sea scrolls, 29
defective matrix, 97
delta function, 177
determinant, 46, 90, 136
differential equation
dependent variable, 2

253

first-order linear, 14
first-order system, 83
homogeneous, 3
independent variable, 3
linear, 3
order, 3
second-order linear, 43
diffusion equation, 189
inhomogeneous, 222
inhomogeneous boundary
conditions, 219
separation of variables, 195
steady state, 219
discontinuous forcing
function, 175
distribution, 180
drag force, 23
on sphere, 31
driving frequency, 73
Dulong-Petit law of cooling,
27

eigenvalue, 89
eigenvalue problem, 90
BVP, 192
eigenvector, 89
independent, 92
electrostatic force, 149
epidemic equilibrium, 134
epidemics, 84
equilibrium point, 39
FEuler equation, 79
Euler’s formula, 48
existence and uniqueness
theorem, 44
exponential order, 174

Fejér summation, 208
floor function, 172
flutter, 74

forcing
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Index

periodic, 78
forcing amplitude, 73
forcing function, 43
oscillator, 72
Fourier sine series, 198, 202

Galerkin method, 225
general solution
diffusion equation, 198
first-order equation, 16
linear system, 88, 95
second-order equation, 44,
59
wave equation, 215, 229
Gibbs phenomenon, 208
gravitational acceleration
constant, 23, 66, 119
gravitational force, 23, 66,
149

half-life, 28
half-plane of convergence,
173

Hamiltonian, 140, 146, 148

Hamiltonian system, 148

Heaviside step function, 169
derivative, 180

Hilbert space, 212

homicide victim, 33

homogeneous, 3

Hooke’s law, 66

identity matrix, 90
impulse, 178
impulse forcing, 177
indeterminate steady state,
130
inhomogeneous, 3
inhomogeneous boundary
conditions, 219
initial condition, 2
diffusion equation, 195
separation of variables, 198
initial conditions
second-order equation, 44
wave equation, 214
initial value problem, 2
second-order equation, 44
integral curves, 103
integrating factor, 15, 224
isolated steady states, 123
IVP, 2

Jacobian matrix, 128, 129
joke model, 137

jump discontinuity, 169, 173,
203

Kelvin-Voigt material, 117
Kermack-McKendrick
model, 84

Laplace transform, 155
convergence theorem, 174
convolution, 162
impulse forcing, 177
inverse, 157
of derivative, 161
periodic function, 171
solving differential

equations, 163
table, 158

Laplace’s equation, 227

periodic boundary
conditions, 232

libration, 143

linear approximation, 128

linear operator, 156

linear system
first-order, 84
general solution, 88
homogeneous, 86, 183
inhomogeneous, 183
second-order, 118

linearized stability theorem,
129

linearly independent
equating coefficients, 58
functions, 45
vector functions, 89
vectors, 92
Wronskian, 46

logistic equation, 25

mass-spring-dashpot, 6, 66
matrix
defective, 94
identity, 90
non-invertible, 90
singular, 90
Maxwell material , 117
Maxwell viscoelastic
material, 19
measles, 120, 135
method of undetermined
coefficients, 55
first-order equation, 18, 61
Michaelis-Menten equations,
6, 124
mixing problems, 20

natural frequency, 67, 218

natural mode, 218

neutrally stable, 36, 113, 127

Newton’s law of cooling, 26

Newton’s second law, 2, 23,
43, 66, 67, 83, 138,
140, 149, 190

ODE, 3
one-sided stability, 42
oscillator
Duffing, 124, 147
Morse, 147
simple harmonic, 67, 138
Toda, 124
Van der Pol, 124

partial differentiation
notation, 189

partial fractions, 165

particular solution, 17
non-uniqueness, 55
second-order equation, 54

PDE, 3

pendulum, 6, 119, 142
period, 146

periodic forcing, 78

periodic orbit, 151

periodic solution, 67, 138,

146

phase, 67

phase plane, 103

phase portrait, 104, 129, 130
table, 105

Picard-Lindel6f theorem, 12

piecewise continuous, 173,

202

predator-prey equations, 124

principle of superposition, 5
linear system, 87
PDEs, 198

radioactive decay, 1, 6, 28
Rayleigh quotient, 194, 195
reduction of order, 47, 80
resonance, 73

saddle, 114, 130

saddle point, 131, 133
sawtooth wave, 172
Schrodinger’s equation, 6
separable equation, 7
separation of variables

for ODE, 8
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for PDEs, 196, 214, 228,
232

non-uniqueness, 11

separation constant, 196
separatrix, 143
simple harmonic motion, 67
sine series, 198

convergence theorem, 204
sink, 114, 130, 133
SIR model, 84, 120
Somigliana equation, 23, 75
source, 114, 130
spiral sink, 114, 130, 131
spiral source, 114, 130
spring constant, 66
square wave, 171
stability theorem

linear system, 114

nonlinear system, 129

single equation, 35
standing wave, 218
steady state, 35

linear system, 113

nonlinear system, 122

PDE, 219

Temple Scroll, 29
term-by-term differentiation,
211

terminal velocity, 24, 31

trace, 116, 136

transfer function, 165
systems, 186

triangle wave, 172

turkey, 32, 182

unstable, 35
linear system, 113
nonlinear system, 128

variation of parameters, 19,
62
velocity, 2, 22, 83
angular, 119

wave equation, 189
compatible boundary
conditions, 221
damped, 219
weight, 23, 75, 77
Wronskian, 63, 89



